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ABSTRACT 
A few among many otherwise highly successful lubricated sliding components fail 
catastrophically and without warning. This sudden mode of failure is often called 
scuffing. The phenomenon of scuffing has been known for many years and numerous 
attempts have been made to understand its processes and mechanisms. There is still, 
however, a general lack of agreement concerning the processes leading up to scuffing. One 
of the main reasons for this is that the detailed mechanisms of scuffing are not well 
understood. The main purpose of this study is to obtain a better understanding of the 
scuffing processes and material failure mechanisms under starved lubrication conditions. 
The research focuses on two major goals. The first is to examine the scuffing 
behavior of 52100 steel shoes/390-T6 Al plate contacts under starved lubrication 
conditions. The evaluation is based on a shoe-on-disc geometry which approximately 
simulates the swashplate/ shoe contacts in an automotive swashplate compressor. All 
tests are conducted in a high pressure tribometer (HPT) under R134a environment with a 
base polyalkylene glycol (PAG) lubricant. The effects of degree of lubricant starvation, 
sliding velocity, geometry of contact, surface topography, a tin coating, and socket 
geometry supporting the shoe are evaluated. The second goal is to study the processes 
and mechanisms of the scuffing phenomenon also under starved lubrication conditions. A 
pin-on-disc geometry is used to examine the effect of materials, lubricant/refrigerant 
mixtures and loading history on scuffing. The transition behavior of a 390-T6 Al pin 
sliding against a 1018 carburized steel disc is also examined. To better understand the 
processes and failure mechanisms of scuffing, the scuffed surfaces and subsurfaces are 
examined. Based on the experimental observations, a hypothesis and its corresponding 
criterion for scuffing under starved lubrication conditions are proposed. According to this 
hypothesis, scuffing is caused by the formation of macroscopic adhesions leading to bulk 
material failure due to plastic shearing. 
iii 

TABLE OF CONTENTS 
CHAPTER Page 
1 INTRODUCTION ........................................................................................................... 1 
1.1 Background .................................................................................................... 1 
1.2 Literature Review .......................................................................................... 3 
1.2.1 Scuffing Hypotheses ........................................................................... 3 
1.2.2 Factors Which Affect Scuffing ............................................................. 7 
1.3 Scope of Research ....................................................................................... 12 
1.4 Objectives of Research ................................................................................ 15 
2 EXPERIMENTAL SETUP ............................................................................................ 17 
2.1 High Pressure Tribometer ........................................................................... 17 
2.2 Geometries of Contact ................................................................................. 20 
2.3 Materials Tested .......................................................................................... 23 
2.4 Test Conditions and Lubricants ................................................................. 24 
2.5 Instrumentation ........................................................................................... 28 
3 EXPERIMENTAL RESULTS - PART I (SHOE/DISC GEOMETRY) ........................ 30 
3.1 Effect of Degree of Starvation and Sliding Velocity ................................ 30 
3.2 Effect of the Contact Geometry .................................................................. 33 
3.3 Effect of Surface Topography ..................................................................... 35 
3.4 Effect of a Tin Coating ................................................................................ 41 
3.5 Effect of Socket Geometry Supporting the Shoe ..................................... 45 
3.6 Examination of Scuffed Surfaces with SEM and AES ............................ .46 
4 EXPERIMENTAL RESULTS - PART II (PIN/DISC GEOMETRY) ........................... 49 
4.1 Effect of the Material. ................................................................................. 50 
4.2 Effect of the L/R Mixture ............................................................................ 56 
4.3 Loading History Effects on Scuffing of 390-T6 Aluminum Alloys ........... 58 
4.4 Transition Characteristics of 390-T6 Aluminum Alloys ............................ 67 
5 EXAMINATION OF SCUFFED SURFACES AND SUBSURFACES ...................... 71 
5.1 Characteristics of the Scuffed Surfaces ..................................................... 74 
v 
S.2 Progression of Scuffing ............................................................................... 74 
S.3 Structure of Subsurface Failures ................................................................ 85 
6 EVALUATION OF THE EXISTING HYPOTHESES FOR SCUFFING .................... 90 
6.1 Hypotheses Based on Critical Thermal Conditions .................................. 90 
6.1.1 Critical Surface Temperature Hypothesis ........................................... 90 
6.1.2 Critical Frictional Power Intensity Hypothesis .................................. 92 
6.1.3 Thermoelastic Instability Hypothesis ................................................ 94 
6.2 Hypotheses Based on Failure of Lubricant and Surface Films ................ 95 
6.3 Hypotheses Based on Material Failure .................................................... 102 
6.3.1 Critical Plastic Deformation Hypotheses ......................................... 102 
6.3.2 Subsurface Fatigue Hypothesis ........................................................ 103 
6.3.3 Critical Subsurface Shear Stress Hypothesis ..................................... 104 
7 PROPOSED SCUFFING HYPOTHESIS UNDER STARVED LUBRICATION 
CONDITIONS ............................................................................................................ 106 
7.1 Description of the Proposed Scuffing Hypothesis ................................. 107 
7.2 Proposed Criterion for Scuffing ................................................................ 1 08 
7.2.1 Shear Strength of the Materials ....................................................... 108 
7.2.2 Asperity Contact Pressure ............................................................... 115 
7.2.3 Asperity Contact Temperature ........................................................ 123 
8 CONCLUSIONS ......................................................................................................... 134 
8.1 Research Summary .................................................................................... 134 
8.2 Major Accomplishments of the Present Study ....................................... 137 
8.3 Recommendations for Future Research ................................................... 139 
REFERENCES ................................................................................................................. 141 
vi 
LIST OF TABLES 
Page 
Table 2.1 - Geometric dimensions of various shoes ..................................................................... 23 
Table 2.2 - Chemical composition of various materials ............................................................... 24 
Table 2.3 - Data for the lubricants ............................................................................................... 25 
Table 3.1 - Representative roughnesses for steel shoe and aluminum disc specimens ................ 38 
Table 3.2 - Representative roughnesses for tin-coated and uncoated Al disc specimens .......... .42 
Table 4.1 - Scuffing PV and friction coefficient data for the materials tested ............................ 54 
Table 4.2 - Initial surface roughnesses of pin specimens tested .................................................. .54 
Table 6.1 - Typical surface temperatures at scuffing for aluminum alloys tested ....................... 92 
Table 7.1 - Surface roughnesses for All steel contact pairs at one load step before scuffing ... 120 
Table 7.2 - Surface temperature data at scuffing for aluminum alloys tested ........................... 130 
vii 

Fig. 1.1 -
Fig. 1.2-
Fig. 1.3-
Fig. 2.1 -
Fig. 2.2-
Fig. 2.3-
Fig. 2.4-
Fig. 2.5-
Fig. 2.6-
Fig. 2.7-
Fig. 2.8-
Fig. 3.1 -
Fig. 3.2-
Fig. 3.3-
Fig. 3.4-
Fig. 3.5-
Fig. 3.6-
Fig. 3.7-
Fig. 3.8-
Fig. 3.9-
LIST OF FIGURES 
Page 
Typical scuffing failure of a swash plate/ shoe contact ............................................... 2 
Schematic form of IRG transition diagram for constant oil bath temperature ............ 8 
Schematic of a typical swashplate compressor .......................................................... 13 
The high pressure tribometer ...................................................................................... 18 
Schematic of the HPT pressure chamber and a lubricant/refrigerant delivery 
system ......................................................................................................................... 19 
Geometries of contact (a) Shoe-on-disc, (b) Pin-on-disc ........................................... 21 
The top views of the various shoe geometries tested ................................................ 22 
Typical surface profiles of various shoe geometries .................................................. 22 
The setup for a spraying nozzle and a shoe specimen holder ................................... 25 
Typical scuffing test data for the pin-on-disc geometry ............................................ 27 
Schematic of the electric contact resistance measuring circuit. .................................. 29 
Typical scuffing failure of a shoe-on-disc contact .................................................... 31 
Scuffing results for 390-T6 Al for various lubricant supply rates and velocities ...... 32 
Scuffing PV curves for various lubricant supply rates .............................................. .32 
Scuffing results for 390-T6 AI obtained with flat and crowned shoes ..................... .34 
Scuffing results for 390-T6 Al obtained with various crowned shoes ...................... 34 
Effect of surface roughness on scuffing pressure as a function of sliding velocity ... .35 
Variation of coefficient of friction and friction force for different surface 
roughnesses ................................................................................................................. 37 
Effect of surface roughness on scuffing as a function of lubricant supply rate ......... 38 
Typical surface profiles of two different skewnesses ................................................ 39 
viii 
Fig. 3.10 - Effect of skewness on scuffing pressure as a function of sliding velocity ............... .40 
Fig. 3.11 - Effect of a tin coating on scuffing pressure as a function of sliding velocity ............ 41 
Fig. 3.12 - Typical scuffing test data for a 390 tin-coated aluminum disc ................................. 43 
Fig. 3.13 - (a) Typical scuffed tin-coated Al disc and (b) its corresponding surface profile ..... 44 
Fig. 3.14 - Schematic of the socket geometries ............................................................................ 45 
Fig. 3.15 - Effect of socket geometry supporting the shoe on scuffing pressure ......................... 46 
Fig. 3.16 - (a) Typical scuffed 390-T6 Al surface and (b) material transfer on the steel shoe .. 47 
Fig. 3.17 - An AES depth profile of the smeared aluminum on the steel shoe .......................... .47 
Fig. 3.18 - Subsurface damage of 390-T6 Al disc after scuffing ................................................. 48 
Fig. 4.1 -
Fig. 4.2-
Fig. 4.3-
Fig. 4.4-
Fig. 4.5-
Fig. 4.6-
Fig. 4.7-
Fig. 4.8-
Fig. 4.9-
Typical scuffing failure of a pin-on-disc contact ...................................................... 50 
Scuffing results for aluminum alloys under various lubricant supply rates ............. 51 
The friction coefficient data as a function of the lubricant supply rate ................... 53 
Scuffing PV for various materials tested .................................................................... 53 
Typical surface profiles of (a) Si-Pb Brass and (b) gray cast iron before scuffing .... 55 
Scuffing results for 390-T6 Al tested with a base POE/R134a and a base 
PAG /R134a ................................................................................................................ 57 
Scuffing results for 390-T6 Al tested with a base PAG/R134a and a formulated 
PAG/R134a mixtures ................................................................................................ 58 
Loading history effects on scuffing of 390-T6 Al alloy under dry sliding 
conditions ................................................................................................................... 59 
Loading history effects on scuffing of 390-T6 Al alloy under starved lubrication 
conditions ................................................................................................................... 60 
Fig. 4.10 - Typical test data for loading history effects on scuffing of 390-T6 Al.. ................... 61 
Fig. 4.11 - Surface of 390-T6 Al after 20 minute at one load step below scuffing ..................... 62 
Fig. 4.12 - Effect of loading history on scuffing of 390-T6 Al alloy ........................................... 63 
Fig. 4.13 - The surfaces of 390-T6 pin specimens at one load step below scuffing ................... 64 
ix 
Fig. 4.14 - Typical test data for the run-in effect on scuffing of 390-T6 Al.. ............................. 65 
Fig. 4.15 - Effect of run-in on scuffing of 390-T6 Al alloy .......................................................... 66 
Fig. 4.16 - The surface of a 390-T6 AI pin specimen just before scuffing ................................... 67 
Fig. 4.17 - Load and friction coefficient plots showing first and second transitions under 
starved lubrication conditions .................................................................................... 68 
Fig. 4.18 - Scuffing results for 390-T6 Al alloys under various lubricant supply rates ............. 69 
Fig. 4.19 - Typical scuffing test data at high lubricant supply rate ............................................ 70 
Fig. 5.1 - (a) Typical scuffed surface on the 390 AI disc and (b) its corresponding surface 
profile .......................................................................................................................... 72 
Fig. 5.2 - (a) Typical scuffed surface on the 390 AI pin and (b) its corresponding surface 
profile .......................................................................................................................... 73 
Fig. 5.3 - (a) Typical scuffed surface and (b) an AES analysis for a 390-T6 aluminum pin ... 77 
Fig. 5.4 - Typical scuffed surfaces for (a) the Si-Pb brass pin and (b) gray cast iron pin ....... 78 
Fig. 5.5 - Typical coefficient of friction and load plots showing the initial stage of scuffing 
and after scuffing ....................................................................................................... 79 
Fig. 5.6 - Progression of the scuffing process ............................................................................ 80 
Fig. 5.7 - SEM micrographs of the subsurfaces ......................................................................... 81 
Fig. 5.8 - SEM micrographs of the subsurfaces of (a) Si-Pb brass and (b) gray cast iron ........ 82 
Fig. 5.9 - Typical aluminum material transfer on 1018 steel disc ............................................. 83 
Fig. 5.10 - An AES depth profile of the virgin surface of 390-T6 AI pin ................................... 83 
Fig. 5.11 - The chemical composition of the layers as a function of depth ................................ 84 
Fig. 5.12 - Structure of the subsurface after scuffing ................................................................... 86 
Fig. 5.13 - Subsurface damage of 390-T6 Al alloy after scuffing ................................................ 87 
Fig. 5.14 - Subsurface damage of DHT3 Al alloy after scuffing ................................................. 88 
Fig. 5.15 - Subsurface damage of Si-Pb brass after scuffing ....................................................... 89 
x 
Fig. 6.1 - Frictional power intensities for various materials as a function sliding velocity ...... 93 
Fig. 6.2 - Frictional power intensity as a function of the lubricant supply rate ....................... 94 
Fig. 6.3 - Schematic form of the theoretical critical pressure-temperature curve at 50 percent 
Fig. 7.1 -
Fig. 7.2-
Fig. 7.3-
Fig. 7.4-
Fig. 7.5-
Fig. 7.6-
adsorbate concentration ............................................................................................. 99 
Schematic of various surface protective films in a lubricated contact.. .................. 106 
A deSCriptive model for the scuffing process under starved lubrication 
conditions ................................................................................................................. 110 
Illustration of the critical condition for scuffing at the given speed ........................ 112 
Typicalload-displacement curves for (a) 390-T6 Al and (b) DHT3 Al... .............. 113 
Typicalload-displacement curves for (a) Gray Cast Iron and (b) Si-Pb Brass ...... 114 
Bulk shear strength of gray cast iron, Si-Pb brass, 390-T6 and DHT3 AI alloys as a 
function of temperature ............................................................................................ 115 
Fig. 7.7 - Contact between an elastic half-space and a rigid plane ........................................ 116 
Fig. 7.8 - Typical wave length of DHT3 Al surface profile at one load step below scuffing.117 
Fig. 7.9 - Typical surface of 390-T6 Al pin at one load step below scuffing ......................... 117 
Fig. 7.10 - Asperity contact pressure as a function of the nominal contact pressure .............. 118 
Fig. 7.11 - Asperity contact pressure for aluminum alloys at scuffing ..................................... 118 
Fig. 7.12 - Schematic of sliding surface and contact area for temperature calculation ............ 124 
Fig. 7.13 - The flash temperatures for aluminum alloys at scuffing .......................................... 129 
Fig. 7.14 - Ratios of the surface tangential traction to the shear strength of the aluminum 
alloys at scuffing ....................................................................................................... 132 
Fig. 7.15 - Surfaces of DHT3 Al pin obtained at one load step before scuffing ...................... 133 
xi 
1.1 Background 
CHAPTER 1 
INTRODUCTION 
A few among many otherwise highly successful lubricated sliding components fail 
catastrophically and without warning. This sudden mode of failure is often called scuffing. 
The phenomenon of scuffing has been known for many years and numerous attempts have 
been made to define it. In the literature, scuffing is described as a collapse of lubricant films 
[1-6], desorption of physically or chemically adsorbed films [7,8], breakdown of the oxide 
layers [9], local thermal expansion of the asperities [10,11], plastic flow of the asperities [12-
14], accumulation of wear debris at the sliding contact interface [15,16], and subsurface 
material failure [17]. The variation between these definitions reflects a general lack of 
agreement concerning the processes leading up to and during scuffing. However, there seems 
to be an agreement on only one characteristic feature of the scuffing process. This is the 
formation of macroscopically large areas of exposed bare metal unprotected by surface films. 
The contact of these areas eventually results in the formation of cold welds on the sliding 
surfaces. This aspect of scuffing has led to the development of the most widely used 
definition of scuffing, which is given by the Organization of Economic Cooperation and 
Development (OECD). Based on the OECD, scuffing is defined as "localized damage caused by 
the occurrence of solid-phase welding between sliding surfaces without local surface melting" [18]. 
Scuffing occurs in many mechanical components where sliding exists. Gears, cams and 
followers, piston rings and cylinder pairs, splines, sleeve bearings and parts of swash and 
wobble plate compressors are representative examples. Scuffing can be determined by 
various manifestations. In practice, when scuffing occurs, there is a sudden rise in friction 
force accompanied by increased noise, vibration and operating temperature. A sharp increase 
in friction is almost invariably observed when scuffing occurs. This is the reason why the 
coefficient of friction is the most widely used indicator of scuffing in laboratory tests. The 
1 
scuffed surfaces appear as if had been welded at discrete points and feature forms 
basis definition scuffing as already noted. wear and plastic deformation 
are often observed on the damaged surface. In the worst case, this to which is 
the stopping of motion. typical scuffed surface is shown 1.1 for a 
swashplate/shoe contact in a swashplate compressor. 
Fig. - Typical scuffing failure of a swashplate/shoe contact 
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Usually, scuffing damage is so severe that the part must be replaced. This is the 
reason why a large number of studies have been devoted to this phenomenon. Most of these 
studies, however, are phenomenological in nature. Due to the catastrophic nature of scuffing 
failures, a better understanding of the scuffing mechanism as well as predictive models are 
needed to improve the reliability of mechanical components. 
Scuffing is a very broad and complex phenomenon because it is affected by many 
factors. Among the more important of these factors are contact stress, sliding velocity and 
environmental temperature. The scuffing process is also strongly affected by additional 
factors such as materials, geometry of contact, morphology of contacting surfaces, mechanical, 
thermal and chemical properties of the bodies in contact, availability plus properties of the 
lubricant, and the chemical composition of the environment. These various factors often make 
the study of scuffing very complex. Mainly due to this complexity, a large number of 
hypotheses have been proposed in the literature. Some of the more important of these 
hypotheses will be described in the following section. 
1.2 Literature Review 
1.2.1 Scuffing Hypotheses 
Serious studies on scuffing began more than 60 years ago. Researchers in several 
different disciplines have proposed numerous scuffing hypotheses. However, none of the 
existing hypotheses and criteria for scuffing can explain adequately all the experimental 
results and observations. In this section, some of the important scuffing hypotheses are 
briefly described. A more detail description of each hypothesis will be given in Chapter 6, 
where they are evaluated based on the experimental data obtained. 
The earliest and the most widely known theory of scuffing was proposed by Blok in 
1937 [19]. He proposed that scuffing would occur if the surface temperature in the contact 
area exceeded a certain critical value. This temperature consists of two components. The 
first component is the bulk temperature of the material and the second is the flash 
3 
temperature (the instantaneous local increase of temperature at the two rubbing surfaces as 
they pass through the contact zone). The critical temperature hypothesis was based on 
experimental studies of gear lubrication. These studies showed that gears, lubricated by 
straight mineral oils, scuffed when the temperature of the surface reaches approximately 
150°C. Initially, Blok did not suggest an explicit reason for what this temperature might 
represent, but this finding coincided with a major development in the field of tribology, which 
revealed the important role of adsorbed molecular layers of the lubricants in reducing friction 
and wear. This has led to the development of a subsequent hypothesis proposed by Askwith, 
Cameron and Crouch [20]. This hypothesis, which is based on the Langmuir's adsorption 
theory, relates the critical temperature of scuffing to desorption of the surface active agent in 
the lubricating oil. The hypothesis suggests that scuffing occurs when the layer of polar 
molecules adsorbed on the surfaces becomes critically depleted or disoriented. Extension of 
the above hypothesis has been proposed by Lee and Cheng [21] to account for the effect of 
lubricant pressure on the adsorption and desorption of surface active agents. They proposed 
a temperature-pressure theory for scuffing. This theory predicts the breakdown point of the 
adsorbed surface film as a function of the hydrodynamically generated pressure and the 
surface temperature. 
An alternative hypothesis relating scuffing to some critical thermal condition is the 
critical frictional power intenSity hypothesis [22]. The criterion used in this hypothesis is the 
ratio of the generated frictional power to the nominal area of contact. This hypothesis is 
based on the experimental observation that scuffing often occurs along the curves described 
by PV = constant relationship, where P and V are the contact pressure and the sliding velocity, 
respectively. This relationship also approximately corresponds to a constant surface 
temperature condition. The competitive oxide formation/destruction hypothesis [9] and the 
thermal instability hypothesis [10,11] are recently developed thermal criteria. The former 
hypothesis states that a critical temperature condition will be reached when the rates of oxide 
formation and destruction become equal. If the destruction rate is higher than the formation 
4 
rate, large areas of bare metal will be exposed and scuffing will occur. The thermal instability 
hypothesis also relates scuffing to a critical temperature condition reached at the surface. The 
suggested mechanism responSible for scuffing is asperity expansion. When an asperity 
encounters the counterface it heats up and expands, which leads to a more severe loading, 
resulting in further heating and expansion. If this process becomes unstable, which is 
determined by an excessive increase in frictional heating at the sliding contact, scuffing will 
occur. 
In 1949, the concept of elastohydrodynamic lubrication (EHL) was developed by 
Grubin [23]. He managed to incorporate both the elastic deformation of the solids and the 
viscosity-pressure characteristics of the lubricant in analyzing the inlet region of lubricated 
non-conformal contacts. Since then, EHL has been an area of intensive research and has also 
been used as a tool to study scuffing. In a hypothesis proposed by Dyson [24], scuffing was 
explained as a collapse of the hydrodynamic and elastohydrodynamic films. Dyson's model 
states that scuffing occurs when insufficient fluid pressure is generated in the inlet of the 
contact to develop a macro-EHL film. This hypothesis was further developed by Cheng et al. 
[25,26] and Houpert et al. [4] to account for the effects of micro-EHL on an asperity level. 
The major problem with the hypotheses described above is that the effects of the 
mechanical properties of the contacting surfaces are not taken into account. These properties 
playa major role in the scuffing process. It is well known that a large amount of surface and 
subsurface plastic flow is present at scuffing. Therefore, hypotheses relating scuffing to 
plastic flow or strain [12-14, 27] have also received much attention. An early attempt to 
relate plastic flow to scuffing is the plasticity index criterion, originally proposed by 
Greenwood and Williamson [12]. It was postulated that scuffing will occur when the 
plasticity index given by: 
1fI = (E'/H).v G//3 (1.1) 
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reaches some critical value. In this equation E'=[(I- vnlEt +(1- V22)/~r is the equivalent 
elastic modulus of the interacting bodies where E 1• E2 and Ut, V2 are Young's modulii and 
Poisson's ratios of each bodies, respectively, H is the hardness of the softer material, f3 is the 
average asperity tip radius, and (J is the composite surface roughness of the two bodies in 
contact. This hypothesis was supported by some experimental results obtained in the work 
of Hirst and Hollander [13]. However, the results from Park and Ludema [28] suggest that 
the correlation between scuffing and plasticity index is weak. Xue and Ludema [29] have 
hypothesized that a critical amount of accumulated plastic strain in the sliding surface can 
cause scuffing. From this hypothesis, scuffing failure is related to the damage in the surface 
caused by extensive plastic deformation. Another study from Kim and Ludema [30] relates 
scuffing to low cycle subsurface fatigue. In this study, the results show a strong correlation 
between the low cycle fatigue properties of the materials and number of cycles of repeated 
sliding to failure. Recently, the critical subsurface stress hypothesis was introduced by Somi 
Reddy and coworkers [17,31] to describe the large-scale subsurface failure of aluminum-
silicon alloys, which is observed at scuffing under dry sliding conditions. This hypothesis 
suggests that scuffing occurs if the shear stress at a critical depth under the surface exceeds 
the temperature-dependent shear strength of the material at this depth. Sheiretov et al. 
[32,33] have examined the scuffing behavior of aluminum/steel contacts under dry sliding 
conditions. Based on the experimental observations, it was hypothesized that the 
accumulation of plastic deformation and fatigue damage in the subsurface is responsible for 
scuffing. 
Other hypotheses for scuffing proposed in the literature are the critical contact 
pressure [34], and the accumulation of wear debris hypotheses [15,16]. The critical contact 
pressure hypothesis contradicts most of the experimental results on scuffing. Debris can 
contribute to scuffing by causing the lubricant starvation [15], or by forming large 
agglomerates between the sliding contacts [16]. However, the role of debris is very system 
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dependent. From the hypotheses described above, the more widely accepted are based on the 
critical temperature, the EHL collapse and the critical surface and/or subsurface plastic 
deformation. 
1.2.2 Factors Which Affect Scuffing 
Although many scuffing hypotheses have been proposed over the past sixty years, 
there are still no universal specifications available on how to prevent scuffing of lubricated 
surfaces. It is believed that there is a safe regime of operating conditions to prevent scuffing, 
but this regime is not easily quantified. Beyond this regime, permanent damage occurs and the 
component becomes inoperable. Practical experience accumulated throughout the years, with 
some widely used engineering materials and lubricants, has helped to outline the safe regimes 
of operation for some components. This safe regime is believed to be extended by increasing 
lubricant supply if the contact is starved, by using the proper additives in the lubricant, by 
improving the surface finish, by surface coatings and by proper material selection. As a 
secondary issue and yet one of the more importance, scuffing can be improved by a proper 
run-in procedure. In this section, some of the variables which affect scuffing and its 
prevention are discussed to provide a perspective on the state of knowledge of the scuffing 
process. 
Pressure, Velocity and Temperature 
As previously noted, parameters such as contact pressure, speed and temperature are 
considered to be the major influencing factors which affect scuffing. Therefore, numerous 
scuffing studies in the past have focused on these operating variables. A large-scale study on 
scuffing was reported in the 1970's by the International Research Group (IRG) of Wear of 
Engineering Materials. The IRG program was designed to examine the failure mechanism of 
thin film lubrication of sliding concentrated steel contacts [35-41]. Within this group, Czichos 
[35,36] and Begelinger and de Gee [37-39] made significant progress in understanding the 
conditions for failure of lubricated surfaces. They found that the load carrying capacity 
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decreases with increasing temperature and sliding velocity. The latter suggests that the 
thickness of the fluid films decreased as sliding velocity increases, contrary to predictions 
based on isothermal elastohydrodynamic calculations. A transition map between adequately 
lubricated and inadequately lubricated operation of steel contacts was developed over ranges 
of applied load and sliding velocity as shown in Fig. 1.2. The transition map has three 
characteristic regions. In region I, partial or full elastohydrodynamic (EHD) lubrication 
condition exists, therefore, a relatively low coefficient of friction and wear rate are obtained. 
In region II, thin film lubrication has failed but the steel surfaces are still protected by a 
boundary lubricant film. Finally, in region III, the surfaces are no longer protected by any 
lubricant films and severe adhesive wear occurs leading to scuffing failure. 
Region II 
Boundary 
k=1.5 
f=O.2-0.4 
Region I 
(partial) EHD 
k= 0.01-1.0 
f=0.04-0.l 
Region III 
Scuffing Regime 
k=100-1000 
f=0.3-0.5 
Sliding Velocity, V 
Fig. 1.2 - Schematic form of IRG transition diagram for constant oil bath temperature 
k: wear rate (10-6 mm3/Nm), f: coefficient of friction, Ref [38] 
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The concept of a failure surface for lubricated concentrated contacts was proposed in 
terms of a critical load-velocity-temperature relation given by [35]: 
(0 < a,h,c < 1) (1.2) 
where Fn, V and Tare normal load, sliding velocity and bulk oil temperature, respectively. 
The constants a, b, and c reflect the relative influence of these parameters. Unfortunately, this 
relationship can only be applied in the limited range of conditions and geometries studied. 
Among the variables studied in the IRG program was contact geometry. Good 
agreement between results obtained by Czichos [35] on a four-ball machine and by Begelinger 
and de Gee [37] on a pin-on-ring machine indicated that different geometries showed similar 
trends. 
Lubricant Additives 
It is well known that additives in the lubricant affect scuffing. Bollani [40] examined 
the effects of extreme pressure (EP) additives on the scuffing behavior of sliding steel contacts 
using a pin-on-ring machine. He found that, at low speeds (up to 1 m/s), a relatively large 
increase in scuffing load is obtained with the additives, however, the increase in scuffing load 
is very small at higher speeds. Fohl and Uetz [41] investigated the influence of surface 
temperature on seizure, wear and reaction layer formation on soft iron with elementary sulfur 
in the lubricant using a pin-on-disc machine. The seizure load decreases, and the wear rate 
and sulfur reaction rate increases with increasing temperature. 
Surface Topography 
Much research [13,27,42-43] has been devoted to examine the influence of surface 
topography on scuffing failure. Surface roughness affects the magnitudes of the real area of 
contact, the local contact pressures and temperatures which, in turn, affects the scuffing 
process. Ludema [27], in a review of scuffing, emphasizes the importance of the influence of 
surface asperities on scuffing. Hirst and Hollander [13] have indicated that scuffing of sliding 
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isotropic steel surfaces, under boundary lubricated conditions, is controlled by two surface 
topography parameters: the composite RMS roughness (J' and correlation distance /3*. Their 
results were represented by the boundaries separating the safe and unsafe regions in a (J' - /3 * 
plane. They proposed that scuffing is associated with the onset of plastic flow of asperity 
tips. Recently, Nivatvongs et al. [42] have conducted a series of experiments with a ball-on-
flat test apparatus. Their results supported the view that scuffing failure, under boundary 
lubricated and low-sliding velocity conditions (0.04-0.8 mm/s), is caused by asperity plastic 
deformation. Recently, Patching et al. [43] have examined the scuffing performance of 
conventionally ground and superfinished hardened steel disks operating at sliding speeds of 
up to 26 m/ s and lubricated with a gas turbine engine oil. It is shown that superfinishing 
gives a significant increase in the load at which scuffing occurs. Frictional traction was found 
to be significantly lower for the superfinished disks in the loading stages preceding scuffing 
failure. 
Materials and Metallurgical Aspects 
It is also well known that scuffing is strongly dependent on the materials used in the 
sliding contact pair. However, little systematic work has been done on the influence of 
materials on the scuffing process. In general, there are three commonly stated criteria for scuff 
resisting materials: (a) The materials should not readily adhere together when unprotected by 
interposing films (a concept sometimes referred to as the compatibility of metal pairs), (b) as 
a corollary to (a), similar materials should not slide against each other, and (c) two phase 
materials are superior to single phase materials. 
In the past, most scuffing studies have focused on steel components such as gears, 
cams and followers, and piston ring/cylinder pairs [44,45]. A literature review on the 
materials and metallurgical aspect of piston ring scuffing was conducted by Scott et al. [46]. 
In this paper, the role of microstructure of steel and cast iron, surface treatments and 
metallographic changes in service and their effect on scuffing are outlined. However, specific 
connection of scuffing resistance with mechanical properties of metals was not described. 
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Gregory [47] found that, in steels, ferrite promotes scuffing, cementite in pearlite retards 
scuffing, and tempered martensite has an intermediate effect. 
Since aluminum alloys are increasingly being used in many tribological applications, 
recently, scuffing studies of these alloys have also been increasing. The main focus has been 
on the optimization of the metallurgical composition, the microstructure, and the method of 
fabrication of the alloys. Tiwari et al. [48] found that, under boundary lubrication conditions, 
the scuffing resistance of all the leaded aluminum alloys (10-50 % Pb) tested is higher than 
that of the base alloys. Under dry sliding conditions, the friction coefficient generally 
decreases and the scuffing load increases with increasing lead concentration up to 25 % Pb. 
Ni and Cheng [49] found that, for silicon particle size ranging from 1-5 J.1m, the scuffing 
resistance of AI-Pb-Si bearings increases as the Si particle size increased. In a latter paper 
[50], Ni and Cheng proposed that the melting and depletion of tin in aluminum-tin bearings 
are the failure mechanism for these alloys. Recently, Barber et al. [51] have conducted tests 
with 390 Al-Si alloys to determine the effects of silicon particle size and etching on scuff and 
wear resistance. It was shown that the amount of near-surface silicon and the oxide films 
formed during the rubbing process are important conditions for improving the scuffing 
resistance of these alloys. 
Surface Coatings 
One approach to the prevention or minimization of scuffing has been the use of some 
form of surface coating or other surface treatments on the sliding components. Coatings have 
been widely used in tribological applications mainly to reduce friction and wear. A general 
review of surface treatments to enhance the frictional behavior of metals in rubbing contact 
has been presented by Bradley [52]. However, not many coatings to improve the scuff 
resistance of materials have been developed or studied. Some of the more common coatings 
used are chromium, tin and molybdenum. Scuff resistance of piston rings with chromium 
plating has been studied by Braendel [53]. It is known that the improvement in scuff 
resistance is due to the relatively high melting point and hardness of chromium plating. Tin 
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coating has also been widely used in many sliding components such as in piston rings in aero-
engines and in swashplates of an automotive air conditioning compressor. The tin coating 
aids initial running-in by covering surface irregularities and acts as a temporary lubricant [54]. 
Molybdenum is known to be one of the best coating materials in terms of scuffing resistance 
[55]. Prasse et al. [56] attribute this to delayed welding due to its high melting point (2600 
·C). 
1.3 Scope of Research 
The present work is part of a larger research project which addresses various 
tribological problems arising from the replacement of ozone-depleting refrigerants by ozone-
safe refrigerants. The successful operation of compressors used in air-conditioning and 
refrigeration systems is mainly governed by the tribological behavior at the critical contacts 
within the compressors. Among the critical contacts are a wrist pin/bearing contact in a 
reciprocating compressor, a vane/piston contact in a rotary compressor, and shoes/plate 
contacts in a swashplate compressor. Increased scuffing problems associated with the latter 
contact are the focus of this study. These problems have arisen as the result of the phaseout 
of R12 (dichlorodifluoromethane). Presently, R134a (tetrafluoroethane) is the refrigerant of 
choice for swashplate compressors. Mineral oils which were used with R12 are not miscible 
with R134a. A family of miscible lubricants used with R134a, and presently used in 
swashplate compressors, are polyalkylene glycols (P AG). This new lubricant/refrigerant 
mixture poses new problems, both for its thermodynamic properties as well as its tribological 
properties. R134a lacks the lubricative properties of R12. It is known that R12 reacts with 
metal surfaces to form metal chlorides which are good solid lubricants. R134a possess 
limited, if any, lubricative properties. This lack of lubricative properties is thought to be one 
of the major reasons for the observed increased scuffing failures in some automotive 
swashplate compressors using the PAG/R134a mixture. The interest in the air conditioning 
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and refrigeratien industry fer a better understanding ef these failures was ene ef the reasens 
which led to. the present study. 
The swashplate drive mechanism features an inclined plate which is rigidly attached 
to. the retating shaft. The unidirectienal retatien ef the shaft is transfermed to. simple 
reciprecal metien ef the pisten threugh the swashplate/ shee centact mechanism. A 
schematic ef a typical autemetive air cenditiening swashplate cempresser is given in Fig. 1.3. 
The shees/plate contacts in a swashplate refrigerant cempresser are lubricated by a 
lubricant/refrigerant mist. It is net uncemmen fer these centacts to. experience starved 
lubricatien cenditiens. In the present study, therefere, the scuffing characteristics ef varieus 
centacts pairs are examined under starved lubricatien. Starved lubricatien is a cenditien 
where a lubricant is supplied but increasing its ameunt weuld improve the lubricatien precess. 
Under beundary lubricatien cenditiens, this means that, fer given lead and sliding speed, 
asperity interactien increases as the degree ef starvatien increases. This leads to. higher lecal 
temperatures and pressures, resulting in earlier failure ef the sliding system. 
Fig. 1.3 - Schematic ef a typical swashplate cempresser 
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Ideally, the scuffing behavior of shoes/plate contacts can be examined by testing 
compressors under conditions that they experience in service. Such a testing program may 
ensure that all contacts closely reproduce expected operating and environmental conditions. 
The main drawback to component testing is the time and cost requirements, especially when it 
is desirable to examine a large number of variables; for example, a number of contact 
geometries, lubricants or materials contact pairs. To reduce cost and time, specimen testing 
can be considered. With specimen testing, it is also likely that a more fundamental 
understanding of contact behavior can be obtained since there is more control of the numerous 
variables which the contact experiences in practice. 
In the present work, a specimen testing program is used to study scuffing under 
starved lubrication conditions. In the first part, the scuffing characteristics of the shoes/plate 
contacts are examined. The material pairs generally used in the refrigerant swashplate 
compressors are 52100 steel shoes sliding against a 390-T6 Al plate or Si-Pb brass shoes 
sliding against a hardened ductile cast iron plate. Scuffing problems, however, seem to be 
more prevalent with the aluminum/steel contact. Therefore, the major emphasis of this study 
is on this contact. The information obtained in this study will help to identify conditions 
under which the scuffing resistance of swashplate compressors may be improved. 
The scope of this research is not limited to the practical problem of scuffing in 
swashplate compressors. The second part of the study is geared towards obtaining a better 
understanding of the fundamental mechanisms of scuffing failure under starved lubrication 
conditions. The contact geometry used in swashplate compressors is not suitable for a 
fundamental study because it is difficult to section and instrument. For these reasons, a pin-
on-disc geometry is also used to examine the effect of materials, lubricant/refrigerant mixtures 
and loading history on scuffing. In order to better understand the processes and the failure 
mechanisms of scuffing, the surfaces of the test specimens are studied with an optical 
microscope, a surface profilometer, SEM (Scanning Electron Microscope) and AES (Auger 
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Electron Spectroscopy). The subsurfaces are studied by sectioning the pin specimens tested 
under scuffing and non-scuffing conditions and examining the sections with SEM and AES. 
1.4 Objectives of Research 
The main purpose of the present study is to better understand the scuffing process 
under starved lubrication conditions. The research focuses on two major goals. The first is to 
obtain a set of experimental data for the scuffing behavior of 52100 steel shoes/390-T6 Al 
plate contacts which approximately simulate the shoes/plate contacts in a swashplate 
compressor. The primary purpose of this part of the study is to see how scuffing of an actual 
critical contact can be affected by contact geometry, surface topography, coating, and the 
socket geometry supporting the shoe. As previously stated, these data provide valuable 
information on the conditions under which scuffing problems may be reduced in swashplate 
compressors. The second goal is to examine the fundamental failure mechanisms of the 
scuffing process and evaluate the existing hypotheses for scuffing based on the experimental 
data obtained. A more detailed description of these objectives is given below: 
(1) Develop an experimental technique and instrumentation, which will result in reliable 
scuffing study under starved lubrication conditions. 
(2) Obtain experimental data for scuffing with both shoe/disc and pin/disc geometries 
under starved lubrication conditions. 
(3) With a shoe/disc geometry, study the effects of degree of starvation, sliding velocity, 
contact geometry, surface topography, tin coating, and socket geometry supporting the 
shoe. With a pin/disc geometry, study the effects of materials, lubricant/refrigerant 
mixtures, and loading history on scuffing. 
(4) Examine the failure mechanisms of the scuffing process under starved lubrication 
conditions. 
15 
(5) Evaluate various existing hypotheses for scuffing based on the experimental data 
obtained. 
(6) Based on the experimental observations, obtain a better understanding of the 
transition behavior of the scuffing process from dry to lubricated conditions. 
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2.1 High Pressure Tribometer 
CHAPTER 2 
EXPERIMENTAL SETUP 
The research to be presented in this thesis focuses on scuffing of contacts in 
refrigerant environments. Since the contacts are lubricated, the amount of refrigerant 
dissolved in the lubricant is affected by the environmental pressure and temperature. If the 
lubricant and refrigerant are miscible, increasing the pressure and decreasing the temperature 
will increase the amount of refrigerant which will saturate into the lubricant. Therefore, in 
this study, a specially designed high pressure tribometer (HPT) was used to provide 
accurate control of the environmental pressure and temperature, and thus apprOximately 
simulate the environmental conditions found in refrigerant compressors. The high pressure 
tribometer and a schematic of the pressure chamber are shown in Figs. 2.1 and 2.2, 
respectively. In the HPT, the environmental pressure and temperature can be controlled up 
to 1.72 MPa and 120°C, respectively. The desired temperature of the contact is obtained 
by an external recirculating unit which is capable of controlling the temperature from -10°C 
to 130 0c. The lower specimen is secured in place by a specimen holder and the upper 
specimen is attached to the rotating spindle. The force transducer, which is outfitted with 
an intricate array of strain gages, is used to measure the applied normal load and the 
frictional torque during a test. A contact load of up to 4.45 kN can be applied to the 
specimens. The spindle is driven by a dc servo motor, giving a maximum unidirectional 
rotation of 2000 rpm. 
For the purpose of this study, the HPT is equipped with a computer control of the 
axial load and the angular velocity of the spindle. The computer control is achieved through 
control boards and a set of solid-state relays. The corresponding software, which was also 
developed, allows for complicated loading and sliding velocity histories. 
17 
Fig. 2.1- The high pressure tribometer 
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Pressure Vessel _10° to 130°C ----
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(0 - 120 V) 
Load 
Fig. 2.2 - Schematic of the HPT pressure chamber and a lubricant/refrigerant delivery 
system 
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2.2 Geometries of Contact 
In this study, both a shoe-on-disc and a pin-on-disc geometries (Fig. 2.3) were used 
to study the scuffing process under starved lubrication conditions. The shoe-on-disc tests 
simulate the shoes/plate contacts in a swashplate compressor (Fig. 1.3). During a test, a 
shoe is supported in a socket, giving the shoe freedom to align with the disc. Four different 
shoe geometries (flat shoe, crowned shoe, crowned shoe with a dimple at the center and 
crowned shoe with a groove) were tested. The crowned shoes are the actual shoes presently 
used in swashplate compressors. The crown height of these shoes varies between 2-10 J.1lll. 
A picture showing the faces of the shoes tested is given in Fig. 2.4. Typical surface profiles 
across the diameter of these shoes are also given in Fig. 2.5. Shoes which have a crown 
height between 4 and 7 J.1lll were tested in this study. The purpose of crowning is to help the 
plate/ shoe contacts generate hydrodynamic films during operation. A perfectly smooth 
and flat shoe, which is supported at its geometric center, theoretically cannot generate these 
films. The custom-made flat shoes were tested to examine the effects of the crown height on 
scuffing under starved lubrication conditions. The size and apparent areas of contacts for 
these shoes are given in Table 2.1. 
The geometry of contact used in the swashplate compressors is not well suited for a 
fundamental study because it is difficult to section and instrument. Pin specimens are also 
less costly to machine than discs. Therefore, a pin-on-disc geometry was also used to study 
scuffing under starved lubrication conditions. In this geometry, 6.35 mm diameter pins were 
tested. The pins are inserted into a hole in the shoe, which, in turn, is supported in a socket 
as shown in Fig. 2.3(b). This design helps align the pins with the counterface when a load is 
applied. After a test, the pin materials can be easily sectioned and examined to better 
understand the failure mechanisms associated with scuffing. The bulk temperature of the 
pin was also measured during the test by a miniature thermocouple inserted up to 2 mm 
below the sliding surfaces as shown in Fig. 2.3(b). The pin-on-disc was also used in a 
previous study [57] for tests conducted under dry sliding conditions. The same geometry is 
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used. in this study so that the results obtained. under dry sliding conditions can be compared. 
to those obtained. under starved. lubrication conditions. 
76.2 mm -----~ 
------.~I 22.2 mm 14---
390Al Disc 
(Rotating) 
Spindle 
52100 Steel Shoe Contact Resistance 
(Stationary) Measurement 
(a) 
14------ 76.2 mm ------I~ 
----... ~I 22.21l'lm ~-
1018 Carburized Steel 
Disc (Rotating) 
Miniature Contact Resistance 
Thennocouple Measurement 
(b) 
Fig. 2.3 - Geometries of contact (a) Shoe-on-disc, (b) Pin-on-disc 
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Fig. 2.4 - The top views of the various shoe geometries tested 
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Fig. 2.5 - Typical surface profiles of various shoe geometries 
(a) Crowned shoe, (b) Crowned shoe with a dimple 
(c) Crowned shoe with a groove, (d) Flat shoe 
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Table 2.1 - Geometric dimensions of various shoes 
Shoe Geometries Diameter Area of Dimple Apparent Area 
(mm) or Groove (mm2) of Contact (mm2) 
Crowned shoe 10.0 
- 78.5 
Crowned shoe 9.6 5.5 66.9 
with a dimple 
Crowned shoe 10.0 18.1 60.4 
with a groove 
Flat shoe 6.35 - 31.7 
2.3 Materials Tested 
For shoe-on-disc tests, all shoes tested were made of 52100 steel with an average 
hardness of 62 HRC and average surface roughness of 0.03 JllD. Ra. An tests were conducted 
with 390-T6 aluminum discs with an average hardness of 72 HRB. Unless otherwise noted, 
the average surface roughness of the discs was 0.04 Ilm Ra. The 390-T6 Al/52100 steel 
contact pair is the actual material combination used in the plate/shoe contact of many 
swashplate compressors. 
For pin-on-disc tests, four materials were used for the pin specimens. They are 390-T6 
aluminum anoy, DHT3 (a bismuth-containing aluminum alloy (46 HRB», Si-Pb brass (80 
HRB) and an ASTM number 40 gray cast iron (HRB 98). Most of the tests were conducted 
with the 390-T6 aluminum. These materials were tested against 1018 carburized steel discs 
with an average hardness of 62 HRC and average surface roughness of 0.1 JllD. Ra. Data for 
the chemical composition of the aluminum alloys and Si-Pb brass are given in Table 2.2. The 
gray cast iron contains 3.0-3.3 % C and 1.8-2.1 % Si. 
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Material Alloying elements, % by weight 
Al Si Fe Cu Mn Mg Zn Pb Ti Bi 
390 Bal. 16-18.5 1.0 3.0-4.0 0.5 0.4-1.0 1.0 - 0.25 -
DHT3 Bal. 6.5-12.0 0.20 2.0-5.0 0.15 
- 0.15 - - 1.0-5.0 
Brass 0.5 0.5-1.5 0.4 61.5-63.0 1.5-3.5 - 35.0-30.0 0.4-0.8 - -
2.4 Test Conditions and Lubricants 
Starved lubrication conditions are obtained by applying various amounts of lubricant 
on the surface of the upper specimen (disc) through the lubricant delivery system shown in 
Fig. 2.2. A pre-determined weight proportion of a miscible lubricant is added to the liqUid 
refrigerant in the pressure vessel. The desired amount of lubricant/refrigerant mixture is fed 
to the contact regions through a nozzle by heating the pressure vessel. The setup for a 
spraying nozzle and a shoe specimen holder is given in Fig. 2.6. The average lubricant supply 
rate is determined by dividing the weight of the lubricant used by the test duration. The 
carrier gas used for the lubricant is the refrigerant under study. The shoes/plate contacts in a 
swashplate compressor are presently lubricated by a PAG/R134a mixture, therefore, most of 
the tests were conducted under R134a (tetrafluoroethane) environment with a base P AG 
(polyalkylene glycol) lubricant. Limited number of tests were also conducted with a base 
POE (polyolester)/R134a and a formulated PAG/R134a to examine the effects of lubricant 
and additives on scuffing. It should be noted that the POE's are the most widely used 
lubricants in air-conditioning and refrigeration systems. The data for the lubricants tested are 
given in Table 2.3. 
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Fig. 2.6 - The setup for a spraying nozzle and a shoe specimen holder 
Table 2.3 - Data for the lubricants 
I 
Designation Lubricant Type Family I Additives Density Viscosity, cS 
i 
I g/ml at 40°C I at 100°C 
I I POE I Polyolester Pentaerythritol No 0.990 23.9 i 4.9 
I 
, 
PAG Polyalkylene glycol Uncapped No 0.990 49.5 I 9.8 I 
I I Formulated PAG Polyalkylene glycol Uncapped I Yes 0.990 49.5 9.8 
As previously indicated, the environmental pressure and temperature affect the 
amount of refrigerant dissolved in the lubricant. They also affect the surface properties of 
contacts by chemical reactions of active species with the metal surfaces. In order to 
approximately simulate the environmental conditions existing in swashplate compressors, the 
test chamber is initially purged to a vacuum of 0.2 torr to remove as much oxygen or water 
vapor as possible from the chamber. This vacuum is more than adequate for air-conditioning 
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and refrigeration systems. After purging, the test is initiated with continuous spraying of a 
lubricant/refrigerant mixture. The chamber pressure was kept constant during the test by 
means of a pressure release valve. All tests were conducted at an environmental pressure of 
0.17 MPa and temperature of 121°C. These conditions are close to the nominal conditions 
found at the plate/shoe contact of a swashplate compressor. 
In general, there are two ways that scuffing tests can be conducted. One way is an 
endurance test, from which the time to failure is obtained for given constant load and velocity 
conditions. The more widely used procedure is the step-loading test because it requires a 
considerably shorter time. In this test, for a given constant sliding velOcity, a load is 
progressively increased stepwise with a specified step duration until failure occurs. It has 
been shown [58] that a good correlation exists between the two testing procedures. In the 
present study, the step-loading test procedure is used for all tests conducted. With the 
exception of the tests conducted to determine loading-history effects, a 222.5 N load step and 
a step duration of 15 seconds were used. The 15 second step duration was chosen since, 
under starved lubrication conditions, a steady state temperature is reached after 
approximately 10 seconds. In this study, scuffing was based on the sharp transitions of the 
contact resistance (indicating the destruction of surface films), friction coefficient and, for the 
pin-on-disc geometry, subsurface temperature (2 mm below the surface) of the pin specimens. 
A typical record of a scuffing test is shown in Fig. 2.7 for the pin-on-disc geometry. The 
process of stepwise increasing the load eventually leads to scuffing failure, which causes 
sharp transitions of the contact resistance, friction coefficient and subsurface temperature of 
the pin specimens. At this stage, the load is quickly released and the test stopped. 
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Fig. 2.7 - Typical scuffing test data for the pin-on-disc geometry 
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2.5 Instrumentation 
Scuffing can have various manifestations. In practice, the first obvious signs of 
scuffing are the increased noise and vibrations, followed by a progressive increase in the 
operating temperature. In a laboratory environment, scuffing can be detected by sharp 
transitions in various parameters. As indicated previously, the scuffing condition is 
identified by transitions in friction, contact resistance, and subsurface temperature. 
The electric contact resistance between the test specimens provides indirect 
information about the regime of lubrication, the formation of protective surface films and the 
extent of metal-to-metal contact. A schematic of the contact resistance measuring setup is 
given in Fig. 2.8. The measurement range of the circuit used is 10-6-10+4 n. This sensitivity 
was achieved by the development of a special four-terminal measurement circuit, methods 
for noise suppression and data processing software [57]. A large drop in the contact 
resistance is often a more sensitive indicator for scuffing than the coefficient of friction. 
The surface temperature at the contact is one of the most important tribological 
parameters. The surface temperature is often measured by utilizing an infrared sensor, 
positioned directly under the transparent specimen [59]. This method has obviously limited 
application. Due to the experimental difficulties, the temperature in the vicinity of the sliding 
interface is often estimated with the aid of thermal models and subsurface temperature 
measurements. In this study, the subsurface temperature for the pin-on-disc geometry was 
measured by a miniature thermocouple implanted 2 mm below the sliding surface of the pin. 
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CHAPTER 3 
EXPERIMENTAL RESULTS - PART I (SHOEIDISC GEOMETRY) 
In this chapter, the scuffing characteristics of 390-T6 aluminum-silicon alloy sliding 
against 52100 steel shoes are examined under starved lubrication conditions. The 
evaluation is based on a shoe-on-disc geometry which simulate the plate/shoe contacts in 
an automotive air conditioning swashplate compressor. The main goal of this chapter is to 
obtain design data for these compressors by varying a number of parameters which may 
affect scuffing. Even though, where necessary, an explanation is given for the trends 
observed, it is not the purpose of this chapter to do an in-depth study of these parameters. 
Four shoe geometries (flat shoe, crowned shoe, crowned shoe with a dimple at the center 
and crowned shoe with a groove) are tested against 390-T6 aluminum discs. All tests are 
conducted in a high pressure tribometer (HPT) under RI34a (tetrafluoroethane) environment 
with a base polyalkylene glycol (P AG) lubricant. The effects of degree of lubricant 
starvation, sliding velocity, shoe geometry, surface topography, a tin coating, and socket 
geometry supporting the shoe are evaluated. For shoe-on-disc tests, scuffing data were 
based on the sharp transitions of the contact resistance and friction coefficient 
measurements. Typical scuffing failure of a shoe-on-disc contact is shown in Fig. 3.1. 
Scuffed surface shows the plastic deformation and macroscopic material removal. Some of 
the aluminum material is transferred to the counterface steel shoe as the result of formation 
of cold welds. It should be noted that scuffed surface on the aluminum disc is very similar 
to the scuffing failure of a actual swashplate/shoe contact as shown in Fig. 1.1. 
3.1 Effect of Degree of Starvation and Sliding Velocity 
The contact pressure at which scuffing occurs is a function of the degree of lubricant 
starvation and sliding velocity. Figure 3.2 shows scuffing data for crowned shoes with a 
dimple. The contact pressures given are calculated based on an area which excludes the area 
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of the dimple. As expected, for every sliding velocities used, the scuffing pressure increases 
as the lubricant supply rate (LSR) increases. For a given LSR, the scuffing pressure decreases 
as the sliding velocity increases. This phenomenon can be attributed to thermal effects. More 
heat is generated at the interface with higher sliding velocities, causing a breakqown of the 
protective surface films and subsequent scuffing failure. The results given in Fig. 3.2 are 
plotted in Fig. 3.3 as pressure (P) vs. velocity (V), for various lubricant supply rates. Three 
lubricant supply rates (20, 30, 40 mg/min), from which three pressure data points c~m be 
obtained in the curve fits given in Fig. 3.2, are chosen for this plot. This curve is commonly 
referred to as PV curve for evaluating the scuffing resistance for a particular lubricant-bearing 
material system. It should be noted that the data points shown in Fig. 3.3 fall closely on lines 
given by PV = constant. The value of this constant increases as the degree of lubricant 
starvation decreases. 
Fig. 3.1 - Typical scuffing failure of a shoe-on-disc contact 
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4.0 
3.2 Effect of the Contact Geometry 
As previously indicated, a perfectly smooth and flat shoe, which is supported at its 
geometric center, theoretically cannot generate hydrodynamic films and thus can only operate 
in the boundary lubrication regime [60]. The steel shoes presently used in swashplate 
compressors have a small crown. Some shoes also has a dimple or groove. However, the 
effects of shoe geometry on scuffing are not well known. Scuffing data for 390-T6 AI have 
been obtained with flat shoes, crowned shoes, crowned shoes with a dimple and crowned 
shoes with a groove. Scuffing results obtained with flat shoes are compared with those 
obtained with crowned shoes in Fig. 3.4. The data show that, for severely starved conditions 
(LSR < 30 mg/min), the scuffing pressure obtained with flat shoes is higher than that obtained 
with crowned shoes. However, as the lubricant supply rate increases, the scuffing pressure 
obtained with crowned shoes is much higher than that obtained with flat shoes. This 
indicates that scuffing is a function of crown height and the degree of starvation. When the 
contact is severely starved, the crowning is detrimental because, for a given average pressure, 
the peak contact pressure and temperature for the crowned shoe are higher than those for a 
flat shoe. 
Scuffing results for 390-T6 Al obtained with various crowned shoes are shown in Fig. 
3.5. The major role of a dimple or groove in a shoe is to trap debris and lubricant during 
operation. However, when the contact is starved, a dimple or groove seems to be detrimental. 
Again, this might be due to higher local pressures and temperatures on shoes with a dimple or 
groove for a given average pressure distribution. Also, for the lubricant supply rates used, the 
amount of lubricant supplied at the contact is not enough for a dimple or groove to be 
effective as a lubricant reservoir. Due to the limiting load capacity (4.45 kN) of the HPT, 
scuffing data at higher lubricant supply rates could not be obtained. It should also be noted 
that, in swashplate compressors, the shoes/plate contacts experience a squeezing action. 
What effects, if any, the dimple or groove has on scuffing with the addition of this squeezing 
is not known. 
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3.3 Effect of Surface Topography 
Surface topography is known to play an important role in friction, wear and scuffing 
behavior of lubricated contacts. Surface roughness affects the magnitudes of the real area of 
contact, and the local contact pressures and temperatures. It also plays a major role in the 
establishment of hydrodynamic or elastohydrodynamic films. To examine the effects of 
surface roughness on scuffing, tests were conducted using 390-T6 aluminum discs with three 
different surface roughness values. The average surface roughnesses tested were 0.03 !lm, 
0.49 JlID and 1.50 !lm Ra. The 0.03 JlID Ra surfaces were obtained by super finishing, while 
the 0.49 !lm and 1.5 JlID Ra surfaces were produced by conventional grinding and abrasion 
with 60 grit Al203 abrasive paper, respectively. These discs were tested against crowned 
shoes with a dimple. The scuffing pressures as a function of sliding velocity for these 
specimens are given in Fig. 3.6. For the given LSR, the results show that the scuffing 
resistance increases as surface finish improves. 
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As illustrated in Fig. 3.7(a), the 0.03 Jlm Ra surface gives a much lower coefficient of 
friction preceding scuffing failure than the other surfaces. It is also shown in Fig. 3.7(b) that 
the friction force obtained with 0.03 Jlffi Ra surface is significantly lower than those of the 
other surfaces. Thus, much less heat is generated at the interface with the 0.03 Jlm Ra 
surface, resulting in improved scuffing performance. Surface roughnesses of both steel shoe 
and aluminum disc specimens just before scuffing are obtained to see the change of 
roughness during the tests. These data are obtained at a lubricant supply rate of 40 mg/min 
and a sliding velocity of 1.86 m/ s. Surface roughnesses just before scuffing are compared to 
those of the virgin specimens in Table 3.1. Data show that, even though the shoe specimens 
are harder than 390-T6 Al, they are roughened during the tests, and the roughening increases 
as the roughness of the discs increases. The roughening of steel shoes is attributed to the 
hard silicon particles in the 390-T6 Al disc. For Al disc specimens, except for the 
superfinished disc (0.03 Jlffi Ra), surfaces are smoothened during the tests. 
The effects of surface roughness on scuffing were also examined as a function of 
lubricant supply rates with 0.03 Ilm and 1.50 Jlm Ra specimens. As shown in Fig. 3.8, for 
the sliding velocity used, surface roughness effects are more significant as the lubricant 
supply rate increases, i.e., scuffing of the smoother specimen is affected to a greater degree 
than that of the rougher specimen as the lubricant supply rate increases. However, it should 
be noted that, if the contact is severely starved (LSR = 25 mg/min), the scuffing pressures 
are about the same for both roughnesses. For a given nominal contact pressure, the local 
asperity contact pressures are higher for the rougher specimens since their real area of 
contact is smaller. It is believed that, when the contact is severely starved, more protective 
surface films are formed with the rougher specimens due to more asperity interactions, 
resulting in approximately the same scuffing resistance for both surfaces. 
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Skewness is another important parameter characterizing the behavior of sliding 
surface. This parameter gives some measure of the degree of asymmetry of the asperity 
height distribution. If the surfaces have deeper valleys than peaks, the skewness will be 
some negative value. Typical surface profiles which show two different skewnesses with 
approximately the same surface roughness are shown in Fig. 3.9. 
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It is known that, in some tribological applications, surfaces with higher negative 
skewness are beneficial under mixed or boundary lubrication conditions. Surfaces with 
higher negative skewness have higher real contact area, resulting in lower local contact 
pressure and temperature for a given nominal pressure. In order to evaluate the effect of 
skewness on scuffing, discs having two different skewnesses (-0.34 and -1.26) but the same 
surface roughness value (0.49 J.lID Ra) were tested. Scuffing data were obtained at various 
sliding velocities as shown in Fig. 3.10. The results show that, for the given test conditions, 
these different skewnesses do not seem to improve the scuffing resistance. It is believed that 
the effect of skewness difference would be more apparent if a significant skewness 
difference was present on the harder counterface material. 
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3.4 Effect of a Tin Coating 
Scuffing failure can be prevented or minimized by using some form of surface 
coatings or surface treatments on the sliding contacts. Tin coatings have been widely used 
in many automotive sliding components such as piston rings and swashplates in air 
conditioning compressors. Together with surface roughness, coatings can affect local 
pressures and temperatures which, in turn, affect scuffing. In order to examine the effect of 
a tin coating on scuffing under starved lubrication conditions, scuffing data were obtained 
with tin-coated 390 aluminum discs (1.22 J1m Ra) and are compared to the uncoated discs 
(0.49 J1ffi Ra) in Fig. 3.11. 
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Fig. 3.11 - Effect of a tin coating on scuffing pressure as a function of sliding velocity 
Shoe geometry: Crowned shoes with a dimple 
Even though the initial surface roughness of the tin-coated discs is much higher than 
that of the uncoated discs, for the 40 mg/min lubricant supply rate, the scuffing pressure of 
the tin-coated discs is about three times higher than that of the uncoated discs. Scuffing 
data for the coated discs, at a much more severe starved lubrication condition (15 mg/min), 
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are also given in Fig. 3.11. These data show that, even at this severely-starved lubrication 
condition, the coated discs provide better scuffing resistance than the uncoated discs. This 
behavior is attributed to the low-shear strength characteristics of the tin material. Tin tends 
to deform quickly and increases the conformity of the sliding surfaces, resulting in lower 
local pressures and temperatures. It is also noted that the tin coating aids initial running-in 
by covering surface irregularities and acts as a temporary lubricant [54]. Typical surface 
roughness data, given in Table 3.2, also show that the coated discs are smoothened much 
more than the uncoated discs during the test. 
Table 3.2 - Representative roughnesses for tin-coated and uncoated AI disc specimens 
Lubricant su I / min, Slidin veloci : 1.86 m/ s 
S ecimen Vir . Just before scuffin 
Tin-coated discs 1.22 m Ra 0.05 Ra 
Uncoated discs 0.49 m Ra 0.15 Ra 
For scuffed tin-coated aluminum discs, some of the aluminum substrate is exposed 
due to the wear of the coating. As indirectly illustrated in Fig. 3.12, the coated disc 
experiences a severe wear regime before scuffing occurs, as indicated by the increased 
friction coefficient. Increased noise and vibrations are also typical in this regime. Typical 
scuffed tin-coated disc and its corresponding surface profile are given in Fig. 3.13. Fig. 
3.13(a) shows the smeared tin-coating and local scuffed areas accompanied by deep 
grooves as shown in Fig 3.13(b). It should also be noted that the contact resistance for the 
coated discs is relatively low from the beginning of the test when compared to that of the 
uncoated discs. This indicates that the coated discs have more surface interactions due to 
their high initial surface roughness and low hardness. However, their average friction 
coefficient is lower than that of the uncoated specimens, which is again due to their low-
shear strength characteristics. From visual observations, scuffing of the tin-coated 
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specimens seems to be caused by the removal of the coating, which leads to the formation of 
macroscopic adhesion between the exposed aluminum substrate and the steel counterface. 
Ni and Cheng [50] also indicated that the aluminum-tin bearings fail because of the rapid 
depletion of tin at the contact area due to high temperature. They considered the melting 
temperature of tin as a scuffing criterion for aluminum-tin bearings. 
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3.5 Effed of Socket Geometry Supporting the Shoe 
The lubrication condition at shoes/plate contacts might be affected by the geometry 
of the socket supporting the shoe. Ideally, the shoe/ socket contact should be frictionless so 
that there is no significant resisting moment to affect the orientation of the shoe. This is 
especially critical under hydrodynamic lubrication condition. order to examine the effects 
of the resisting moment, due to the friction at the shoe/socket interface, on scuffing, two 
socket geometries were examined. schematic of the socket geometries is in 
For the existing socket geometry, the contad is near the bottom of the shoe, resulting in a 
relatively small resisting moment. For the other socket geometry, the contact is near the top 
of the shoe. This contad will give a larger resisting moment than that in the existing socket. 
Scuffing data for these geometries, at a function of sliding velocities, are given Fig. 
Except for one data point for the existing socket geometry at 60 mg/ min, scuffing pressures 
are about the same for both socket geometries. Since the hydrodynamic effect is more 
dominant at higher velocities and lubricant supply rates, it is possible that the effeds of 
socket geometry supporting the shoe, if any, is more apparent at those conditions. Due to 
the limiting sliding velocity and load capacities of the HPT, scuffing data at higher velocities 
and lubricant supply rates could not be obtained. 
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Contact 
bands 
Modified Socket 
- Schematic of the socket geometries 
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3.6 Examination of Scuffed Surfaces with SEM and AES 
The scuffed surfaces of the uncoated discs were examined using SEM and AES. A 
typical scuffed surface of the disc and aluminum transfer on the counterface steel shoe are 
shown in Fig. 3.16. Figure 3.16(a) shows small grooves caused by plastic shearing in the 
scuffed region. When scuffing occurs, due to the macroscopic adhesions formed at the 
sliding interface, some aluminum material is smeared to the counterface steel shoe, resulting 
in macroscopic cold welds as shown in Fig. 3.16(b). Figure 3.17 shows an AES depth 
profile obtained by sputtering the top of the smeared aluminum on the steel shoe. The 
purpose of the profile is to examine the chemical compositions of the smeared material. It is 
seen that the concentration of aluminum is almost constant until a depth of 0.43 Ilm, a 
typical thickness of the smeared aluminum. Oxygen decreases rapidly up to a depth of 0.06 
Ilm, after which it remains at a concentration level which is considered to be in the noise 
range. However, there is a small increase in the amount of oxygen at the aluminum/steel 
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(0.5 - 0.6 depth). This suggests there may be a film between the 
transferred aluminum and steel shoe. 
(a) (b) 
Fig. 3.16 - (a) Typical scuffed Al surface (b) transfer on steel shoe 
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It is also typical that, due to gross plastic deformation during the scuffing process, 
the subsurface is damaged. The scuffed area of the specimen shown in Fig. 3.16(a) is 
sectioned along the direction of sliding and the subsurface is examined. Figure 3.18 shows 
that both cracks and voids are formed in the subsurface. Also, it is seen that an the features 
are oriented in the direction of sliding, and silicon particles are fractured due to the large 
plastic strain at the sliding surface. Scuffed surfaces and subsurfaces of the test specimens 
will be examined in more details in Chapter 5, where the pin-on-disc data are presented. 
Fig. 3.18 - Subsurface damage of 390-T6 Al disc after scuffing 
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CHAPTER 4 
EXPERIMENTAL RESULTS· PART II (PIN/DISC GEOMETRY) 
In this chapter, a pin-on-disc geometry is used to facilitate a more fundamental study 
of the scuffing process. The data obtained will be used in Chapters 5 and 7 to more fully 
characterize scuffing failures and to propose a scuffing hypothesis. Scuffing data for 390-T6 
and DHT3 aluminum alloys, Si-Pb brass and gray cast iron, sliding against 1018 carburized 
steel, are obtained under starved lubrication conditions. All these materials are used in 
critical contacts of various refrigerant compressors. Most of the tests were conducted with 
390-T6 aluminum. The choice of 1018 carburized steel for the counterface was somewhat 
arbitrary. Since the focus of this chapter is on the fundamental study of the scuffing process, 
it is believed that the type of steel used for the counterface will not significantly affect the 
general behavior of the contact. Also, the same material was used in a previous study [57] for 
tests conducted under dry sliding conditions. Therefore, the results obtained in this study can 
be compared to those obtained under dry sliding conditions. As indicated previously, a pin 
specimen was used because it is more suitable for a fundamental study. The effects of 
material, lubricant/refrigerant (L/R) mixture, and loading history on scuffing were examined. 
Scuffing data were based on initial sharp transitions of the friction coefficient, the contad 
resistance, and subsurface temperature measured 2 mm below the surface. However, it was 
observed that, for a certain range of lubricant starvation, a second transition occurs if the load 
is further increased. Therefore, the transition behavior of a 390-T6 aluminum pin as a 
function of lubricant supply rate was also examined. Typical scuffing failure of a pin-on-disc 
contact is shown in Fig. 4.1. As with scuffed surface of a shoe-on-disc contact presented in 
Fig. 3.1 (Chapter 3), when scuffing occurs, part of the surface of the softer material is often 
destroyed, and some material transfer occurs from the pin to the counterface steel disc. In 
some cases, increased noises and vibrations occur in the process of scuffing. 
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Fig. 4.1 - Typical scuffing failure of a pin-on-disc contact 
4.1 Effect of the Material 
The scuffing behavior of pins made from aluminum, brass and gray cast iron sliding 
against 1018 carburized steel is examined using a base PAG/R134a mixture. The scuffing 
resistance of 390-T6 and DHT3 aluminum alloys tested with various lubricant supply rates 
is given in Fig. 4.2. As with the results presented in Fig. 3.2 (Chapter 3), the contact 
pressure at scuffing increases as the lubricant supply rate increases. From the figure, it is 
evident that, for all lubricant supply rates used, the scuffing resistance of 390-T6 aluminum 
alloy is better than that of the DHT3 alloy. This can probably be attributed to its higher 
strength and silicon content. The subsurface temperatures at scuffing are also given in the 
figure. The data show that the subsurface temperature at which scuffing occurs changes 
with the materials and the amount of lubricant supplied to the contact region. The 
subsurface temperatures at scuffing tend to increase as the contact pressure increases. This 
indicates that, for the given conditions, the frictional heat generated due to the higher 
contact pressure dominates that which is dissipated due to the higher lubricant supply rate. 
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Lubricant/Refrigerant mixture: PAG/R134a; V = 1.86 m/s 
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The friction coefficient data at scuffing are plotted as a function of the lubricant 
supply rate in Fig. 4.3. For both aluminum alloys tested, the coefficient of friction at 
scuffing decreases as the lubricant supply rate increases. Due to the limiting load capacity 
of the HPT (4.45 kN), for the given conditions, scuffing data could not be obtained if the 
lubricant supply rates are higher than 90 mg/min, as shown in Fig. 4.2. It should also be 
noted that, for the area contact geometry tested, scuffing does not seem to occur if the 
contact is well lubricated. For example, tests conducted with a 390-T6 AI pin, under fully 
lubricated conditions, showed that scuffing does not occur before the compressive yield 
strength of the bulk material is reached. It is believed that macroscopic adhesions at the 
sliding interface, which leads to scuffing, do not form with well lubricated area contacts. 
The scuffing PV curves for the four materials tested are shown in Fig. 4.4. For these 
tests, 0.07 % by weight of a base P AG lubricant in R134a was used with a lubricant supply 
rate of 45 mg/min. For all materials tested, the scuffing pressure decreases as the sliding 
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velocity increases. Due to the limiting speed capacity of the HPT, scuffing data at velocities 
higher than 4.65 mls could not be obtained. At any given sliding velocity, the scuffing 
resistance of the 390-T6 is again better than that of the DHT3 alloy. The scuffing pressure 
of Si-Pb brass and gray cast iron is about the same and the scuffing resistance of these 
materials is better than that of the aluminum alloys tested. With the exception of the 390-
T6 aluminum alloy, the curve fits of the data points are close to the PV = constant 
relationship, where P is the contact pressure based on the apparent area and V is the sliding 
velocity. The data points for 390-T6 AI slightly deviate from the PV = constant relationship. 
It should be noted that, for a given material, the subsurface temperatures just before scuffing 
are approximately constant. Note that the heat flux (q) generated at the sliding surface is 
given by q = J,JPV, where Jl is the coefficient of friction. Since the data follow the PV = C 
curve and the coefficient of friction is approximately constant until scuffing occurs, then the 
heat generated is approximately constant at scuffing for a given material as shown in Table 
4.1. Since the same machine and specimen holder were used for all tests, for a given 
material, these conditions result in a constant subsurface temperature at scuffing. The 
subsurface temperatures just before scuffing for Si-Pb brass and gray cast iron are typically 
in the range of 140-150·C and 160-170·C, respectively. It should be noted that the 
subsurface temperatures of the gray cast iron are generally higher compared to those of the 
Si-Pb brass even though their scuffing PV's are about the same. This is attributed to higher 
friction coefficients of gray cast iron compared to those of Si-Pb brass as shown in Table 
4.1. The sliding surface of Si-Pb brass tends to smoothen very quickly during the rubbing 
process. This is due to the soft lead in the material. Even though the initial surface 
roughness of gray cast iron is slightly higher than that of Si-Pb brass as given in Table 4.2, 
the surface of Si-Pb brass at one load step before scuffing is much smoother than that of 
gray cast iron, as shown in Fig. 4.5. Tiwari et al. [48] also found that the addition of lead to 
aluminum alloys reduce interface friction and improve their ability to resist seizure. It is 
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believed that the lead contained in Si-Pb brass similarly affects the tribological behavior of 
Si-Pb brass material. 
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4.2 Effect of the UR Mixture 
All the data presented so far have been obtained using a base PAG lubricant. Another 
widely used family of lubricants in compressors of air conditioning and refrigeration systems 
are the POE's. From the previous study [61], it was found that the lubricity of a base POE 
was consistently better than that of a base P AG for all the aluminum alloys tested. This was 
attributed to the tendency of a POE forming bidentate bonds on the aluminum surfaces. The 
bidentate bond is known as a cyclic bonding of the lubricant molecules with the aluminum 
atoms at the metal surface [62]. The bidentate structure forms two bonds instead of one to 
each aluminum atom. Hotten [62] and Laemmle et al. [63] have proven that aluminum is able 
to form strong bidentate bonds with some polar organic compounds such as pentaerythriol 
partial esters. The molecules orient themselves vertically, thus forming a layer which protects 
the surface. In fact, esters have proved to be very effective lubricants for aluminum surfaces 
[64-66]. In general, lubricant additives also improve the friction and wear characteristics by 
forming a stable and durable adsorbed film through chemical interaction with the metal 
surface. The extreme pressure (EP) additives, for example, are designed to react with metal 
surfaces under extreme conditions of load and velocity creating protective, low shear strength 
surface films, which reduce friction and wear. Carefully chosen additives are extremely 
effective in improving the performance of an oil. 
In order to examine the effects of lubricants and additives on scuffing, 390-T6 
aluminum alloy sliding against 1018 carburized steel is tested with a base POE/R134a, a base 
PAG/R134a and a formulated PAG/R134a mixtures. The lubricant supply rate for all tests 
conducted was again 45 mg/min. The results obtained from these tests are shown in Figs. 4.6 
and 4.7. The scuffing pressures of 390-T6 aluminum alloy tested with both a base 
POE/R134a and a formulated PAG/R134a mixtures are higher than those of the aluminum 
alloy tested with a base PAG/R134a mixture. Probably the bidentate bonds formed on the 
aluminum surface with a base POE improved the scuffing resistance of the aluminum alloy. 
The formulated P AG contains a phosphorus compound and other additives. Phosphorus is 
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one of the widely used extreme pressure (EP) additives. It was found [67] that, if 
phosphorus is combined with other additives such as sulfur, scuffing load obtained with steel 
surfaces increases significantly. Therefore, it is possible that the films formed by these 
additives can also improve the scuffing characteristics of the aluminum surface. 
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4.3 Loading History Effects on Scuffing of 390-T6 Aluminum Alloys 
For step-loading tests, it is likely that scuffing results vary depending on the 
magnitude of load step and step duration. For example, in a previous study [57] for tests 
conducted under dry sliding conditions, it was found that the time to scuffing at a given load 
step was a function of load level, as shown in Fig. 4.8. As the load level increased, the time to 
scuffing was reduced. A longer step duration, at a given load, also seems to be slightly 
detrimental. It was hypothesized that scuffing under dry sliding conditions is due to a 
subsurface failure by fatigue. Therefore, this phenomenon was explained by damage 
accumulation in the subsurface. 
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V = 0.66 m/ s, Environmental temperature: 30 ·e, Environment: Air, Ref. [57] 
In order to examine the effects of loading history under starved lubrication conditions, 
three series of tests were conducted using 390-T6 AI alloy. For all three series, the load was 
increased in steps of 222.5 N. In the first series, as with the tests conducted under dry sliding 
condition shown in Fig. 4.8, tests were conducted by increasing the load stepwise up to one 
load step below the pre-determined scuffing load, using 15 seconds step duration, and then 
maintaining the load constant for a reasonably long test duration. A typical result is shown in 
Fig. 4.9. The figure shows that, for the given lubricant supply rate, scuffing did not occur after 
20 minutes at this load level. As shown in Fig. 4.10, the contact resistance, friction coefficient 
and subsurface temperature are approximately constant during the 20 minutes. The surface 
of the pin after the test, given in Fig. 4.11, shows many black patches which indicate surface 
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films formed on top of the asperities. As a result of local plastic deformation of these 
asperities, some surface smoothening is also obtained. Due to the volume limitation of the 
pressure vessel used and a large consumption of refrigerant, longer tests were not conducted. 
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Fig. 4.11 - Surface of 390-T6 Al after 20 minute at one load step below scuffing 
For the data presented up to now, a step duration of 15 seconds was used since a 
steady state temperature condition is reached after approximately 10 seconds under starved 
lubrication conditions. However, it is possible that scuffing data can be affected by the step 
duration. In the second series of tests, scuffing data were obtained using a single step 
immediate loading, and a 0.25 minute, 1 minute and 2 minutes steps. As indicated in Fig. 
4.12, the lowest scuffing load is obtained with the immediate loading. This indicates the 
beneficial effect of running-in of machine components. The results also show that the average 
scuffing load reaches a plateau if the step duration is higher than 1 minute. The increase of 
the scuffing load with step duration is attributed to the formation of protective films and 
surface smoothening, as previously noted. Typical surfaces of pin specimens for both 0.25 
and 2.0 minute-step tests, at the given P and V, are shown in Fig. 4.13. This figure dearly 
shows that the size of the locally-deformed areas (black patches) increases as the step 
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duration increases. Even though not shown, more surface smoothening is also obtained as the 
step duration increases. 
As previously indicated, a step duration of 15 seconds was used in this study since, 
under starved lubrication conditions, a steady state temperature is reached after 
approximately 10 seconds. Even though Fig. 4.12 shows that different results can be obtained 
if a different loading history is used, the data presented in this study are still valid because it 
is a comparative study and it is also believed that actual failure of a component cannot be 
easily characterized in time-history fashion. 
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Fig. 4.12 - Effect of loading history on scuffing of 390-T6 AI alloy 
LSR = 50 mg/min, V = 1.86 m/s 
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Fig. 4.13 - The surfaces of 390-T6 pin specimens at one load step below scuffing 
(a) 0.25 minute-step, (b) 2.0 minute-step 
p::: 42.2 MPa, V::: 1.86 mis, LSR::: 50 mg/min 
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In general, it is known that running-in can improve the scuffing resistance of sliding 
components. The running-in process is a rather complex problem because it is affected by 
many variables such as run-in load, sliding velocity, initial surface roughness, lubricant used, 
lubrication condition, etc. The purpose of the third series of tests is to examine the effect of 
initial running-in time on scuffing. For these tests, the load was maintained constant at 445 N 
(30 % of a scuffing load) for 0.25, 10 and 20 minutes, and then increased again stepwise until 
scuffing occurs. A typical result is shown in Fig. 4.14. 
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As shown in Fig. 4.15, for given test conditions, the scuffing pressure increases as the 
time duration at a constant load (445 N) increases. Again, this can be due to the formation of 
a relatively uniform protective surface film (black areas) and surface smoothening during a 
long step duration, as shown in Fig. 4.16. Note that scuffing data tend to have increased 
scatter with increased run-in time. It is hypothesized that, if the run-in time is long enough, 
damage to the sliding surface can be initiated by the removal of protective surface films by 
wear. It is possible that, with a longer run-in time, there is a competing process between the 
formation and removal of the protective surface films, resulting in increased scatter of the 
scuffing data. 
For given test conditions, the results obtained for loading history effects suggest that a 
gradual accumulation of damage is not responsible for scuffing under starved lubrication 
conditions. It is possible that the scuffing mechanisms under starved lubrication conditions 
might be different from those hypothesized by Sheiretov [57] under dry sliding conditions .. 
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Fig. 4.15 - Effect of run-in on scuffing of 390-T6 Al alloy 
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25 
Fig. 4.16 - The surface of a 390-T6 Al pin specimen just before scuffing 
duration:::;; 20 minutesj p:::::; 70.3 MPa, V::: 1.86 mis, LSR:::;; 50 mg/min 
4.4 Transition Characteristics of 390-T6 Aluminum Anoys 
scuffing data obtained with a pin-on-disc geometry were based on transitions 
of the contact resistance, coefficient and subsurface temperature of the pin specimens. 
it was found that, for a certain range of lubricant supply rates, a second 
transition occurs if the load is further increased. Typical load and friction coefficient plots 
which show two transitions are given in Fig. 4.17. Upon examining the scuffed surfaces of 
the pin specimens, it was seen that a dark surface layer is formed on surface of the pin after 
the first transition occurs. An Auger chemical analysis, which will be discussed in the following 
shows that this layer contains oxygen, carbon iron. The presence of oxygen in this 
layer indicates the formation of oxides and the presence carbon and iron suggests that wear 
particles the steel disc counterface were transferred to pin surface due to asperity 
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failures during the first transition. This layer continues to protect the surface until a second 
transition occurs, at which point, the layer is completely destroyed, leading to higher material 
removal rates due to macroscopic adhesion. 
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In order to further examine the transition behavior of 390-T6 aluminum alloy as a 
function of the lubricant supply rate, a set of scuffing data was obtained as shown in Fig. 4.18. 
These data were obtained with a base PAG/R134a mixture. The plot shows three 
characteristic regions (I, II and III). The condition of the sliding surfaces in region I is 
characterized by a friction coefficient of about 0.1. There is no observable material transfer in 
this region. However, there is surface smoothening on the pin due to asperity deformation. For 
a given sliding velocity, if the load is further increased for LSR S 60 mg/min, region II is reached. 
This region is characterized by a friction coefficient of about 0.3. Some material transfer from 
the aluminum pin to the steel disc and the formation of a transformed layer similar to that 
observed in dry contact [57] are common in this region. Finally, in region III, a friction 
coefficient of about 0.4 and higher wear rate are observed. It should be noted that, for high 
lubricant supply rates (~60 mg/min), a direct transition from region I to region III takes place. 
This might be due to much higher stresses experienced by the material when this transition 
occurs. Typical test data at high lubricant supply rate, which show a direct transition from 
region I to region III, are given in Fig. 4.19. 
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Fig. 4.18 - Scuffing results for 390-T6 AI alloys under various lubricant supply rates 
Pin diameter = 0.125 in., Lubricant refrigerant mixture: PAG/R134a, V = 1.86 m/s. 
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CHAPTERS 
EXAMINATION OF SCUFFED SURFACES AND SUBSURFACES 
Various mechanisms have been proposed to characterize the scuffing failure over the 
past few decades. Scuffing failure is normally considered to be related to the breakdown of 
surface films, which include films of adsorbed lubricant molecules and metal oxides. 
However, the properties of the material itself form the last line of defense against scuffing 
failure. Therefore, in order to better understand the processes and failure mechanisms of 
scuffing, the scuffed surfaces and subsurfaces need to be examined. In this study, the 
surfaces of the test specimens are studied with an optical microscope, a surface profilometer, 
SEM (Scanning Electron Microscope) and AES (Auger Electron Spectroscopy). The 
subsurfaces are studied by sectioning the pin specimens tested under scuffing and non-
scuffing conditions and examining the sections with SEM and AES. 
Recall that scuffing of both shoe-on-disc and pin-on-disc geometries are examined in 
this research. Therefore, scuffed surfaces on both the aluminum disc and pin specimens were 
examined to see if the scuffing phenomenon for the two geometries is the same. Typical 
scuffed surfaces and their corresponding surface profiles for the aluminum disc and pin 
specimens are given in Fig. 5.1 and Fig. 5.2, respectively. Both scuffed surfaces show 
macroscopic material removal and local delamination accompanied by deep grooves. Since 
the scuffing phenomenon looks the same for both specimens, the examinations of the scuffed 
surfaces and subsurfaces in this chapter are based on the pin specimens tested in Chapter 4 
since they can be more easily sectioned and examined. 
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Fig. 5.2 - (a) Typical scuffed surface on the 390 pin and its corresponding surface profile 
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5.1 Charaderistics of the Scuffed Surfaces 
The scuffed surface of a 390· T6 Al pin was examined with AES to determine its 
chemical compositions. The compositions are obtained after an initial sputtering to a depth 
of approximately 0.02 11m. A typical scuffed surface and its chemical compositions are given 
in Fig. 5.3. The scuffed surface of 390-T6 AI is characterized by dark and light regions. The 
AES analysis shows that the dark area has much more carbon, oxygen and iron compared to 
the light area. The presence of oxygen indicates the formation of oxides on the surface. A 
large percentage of carbon and iron suggests that wear particles from the carburized steel 
counterface were transferred to the surface of the pin during the scuffing process. The iron 
transfer is attributed to abrasion by hard silicon particles on the aluminum surface. 
Typical scuffed surfaces for Si-Pb brass and gray cast iron are shown in Fig. 5.4. The 
scuffed surface of Si-Pb brass is smoother than those of aluminum and gray cast iron. As 
previously indicated, the smoothening is attributed to the soft lead in the brass, which tends 
to smear easily at the sliding interface. In contrast, due to the brittleness of gray cast iron, 
much more damage is observed when scuffing occurs, as shown in Fig. 5.4(b). A relatively 
large portion of the pin surface is destroyed, generating larger wear particles and material 
transfer. 
5.2 Progression of Scuffing 
The progression of scuffing is examined by stopping a test at the initial stage of 
scuffing and after scuffing, and the surfaces and subsurfaces are examined using a surface 
profilometer and SEM. The initial stage of scuffing and after scuffing are demonstrated in the 
typical coefficient of friction plot shown in Pig. 5.5. The progression of scuffing is 
demonstrated in Fig. 5.6. The picture given in Fig. 5.6(a) shows that scuffing is initiated 
locally (left side) where some of the surface material is removed to a depth of about 111m, as 
shown by the surface profile. Removal of this section of the load-bearing area increases the 
severity of the loading over the remaining area. This process self-accelerates and leads to the 
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fast removal of the remaining surface. the final stage of scuffing, shown Fig. 5.6(b), most 
of the original surface of the pin is removed to a depth of about 2-3 !lm. It is also seen that 
local deep grooves are formed in the scuffed surface, as shown by the surface profile. This is 
considered subsequent damage, which follows the initiation of scuffing failure, and eventually 
leads to the complete seizure of the sliding surfaces. 
The unscuffed and scuffed areas of the spedmens shown in Fig. 5.6 are sectioned 
along the direction of sliding and the subsurfaces are examined. The SEM micrographs which 
show the difference the subsurface damage these specimens are given Fig. 5.7. For the 
scuffed spedmen (Fig. 5.7(b», it is dear that both voids and cracks are formed the 
subsurface. The voids and cracks seem to propagate in the direction of sliding. This can be 
attributed to severe plastic deformation on the sliding surface during the scuffing process. 
However, no cracks or voids could be observed in the subsurface of the unscuffed specimen. 
This indicates that the initial scuffing damage ( .... 1 !lm deep) shown Fig. 5.6(a) is probably 
not caused by subsurface fatigue. Also, no observable plastic deformation is present in the 
subsurface. The subsurfaces of S1-Pb brass and gray cast iron obtained at one load step 
before scuffing are also examined with SEM. As shown Fig. 5.8, they also show no 
observable subsurface damages. The black needle-like flakes in the cast iron structure are 
graphites, which resemble cracks. 
It should be noted that the depth at which cracks are seen in 5.7(b) is 
approximately the same as the depth of the deep groove shown in Fig 5.6(b). This indicates 
that the formation these deep grooves is a subsequent damage which follows the initial 
scuffing damage. Based on the observation of scuffed surface and subsurface, it is 
hypothesized that the material removal at the initiation of scuffing is caused by plastic 
shearing or smearing. Figure 5.9 shows that some material, removed by initial scuffing failure, 
is smeared to the counterface steel disc. Due to the higher tendency of adhesion between the 
same materials (aluminum on aluminum), large chunks of aluminum partides (probably 
caused by surface fatigue) are then adhered on top of the smeared aluminum, resulting in a 
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macroscopic cold weld. As shown in Fig. 3.16(b), similar material transfer is obtained on 
shoe specimen from shoe/disc geometry tests. 
The chemical compositions of both scuffed (dark area) and unscuffed region of the 
specimen shown in Fig. 5.6(a) are analyzed using an AES. An AES depth profile of virgin 
surface is also obtained for comparison purpose (Fig. 5.10). The oxygen plot indicates that 
the thickness the nascent aluminum oxide is approximately 75 nanometer. chemical 
compositions of both scuffed and unscuffed regions are plotted, as a function of depth/ Fig. 
5.11. As previously noted, the presence of oxygen suggests that the oxides are formed on 
both un scuffed and scuffed regions. The percentage of oxygen present in both regions 
decreases as the depth from the surface increases. For the un scuffed region, the oxygen 
present on the surface can be detected only up to 1 jlm deep. The carbon and iron can be 
detected up to a depth of about 05 jlm. This indicates that a relatively thin transformed 
layer is formed on the aluminum surface before scuffing occurs. However, the presence of 
oxygen in the scuffed region (dark area) is detected at depths of up to 6jlm. Also, relatively 
large amounts of carbon (~ 17 %) and iron (~ 8 %) are present at a depth of 6 jlID, indicating 
the formation of the thick transformed layer during the scuffing process. As previously 
indicated, the presence of carbon and iron in the relatively deep aluminum surface is due to 
wear particles transferred from the counterface steel disc and gross plastic deformation on the 
sliding surface during the scuffing process. This finding supports the view that the 
compaction of wear particles is important mechanisms for the formation of the transformed 
layer. 
76 
70 
AI Si 
(a) 
C 
Element 
(b) 
o 
area 
Light area 
Fe 
Fig. 5.3 - Typical scuffed surface and (b) an AES analysis for a 390-T6 aluminum 
The sliding direction the scuffed surface is from top to bottom. 
(a) 
(b) 
Fig. 5.4 - Typical scuffed surfaces for (a) the Si-Pb brass pin and (b) gray cast iron pin 
78 
0.5 140 
1: Initial stage of scuffing 120 
0.4 2: After scuffmg 
s:: 100 0 
':::I 
u 
0.3 2 'r::: ~ 80 
~ 
5 60 ..... 0.2 u ~ ~ 
8 1 40 u 
0.1 
20 
0.0 0 
0 20 40 60 80 100 120 140 160 
Time, t (sec) 
Fig. 5.5 - Typical coefficient of friction and load plots showing the initial stage of scuffing 
and after scuffing 
79 
~ 
]' 
0 
~ 
2.0 r-r-TTT-r-~·-'·'·TT'--"--'-T--rr'-'-';-r~-.-rrT~'~'~1 
~ 0.0 
S 
~ -2.0 
-4.0 
.0 
-8.0 
-10 
o 1 
Distance across 
2 3 4 
iameter of 
5 6 
X (mm) 
>-< 
..... 
.c 
Of) -20 
v 
::r:: -25.0 
5.6 - Progression of 
across 
scuffing process 
3 
diameter of 
5 
(3) Pin surface at initiation of its profile, P "" 63.3 MPa, V :::: 1 A 
(b) Pin surface after and profile, P :;;: 70.3 V=lAm/s 
:= 1210Ct LSR ::: 45 Sliding From to bottom 
6 
X (mm) 
00 
-
(a) (b) 
Fig. 5.7 - SEM micrographs of the subsurfaces 
(a) Unscuffed area, P == 63.3 MPa, V == 1.4 mls (b) Scuffed area, P == 70.3 MPa, V == 1.4 mls 
Environmental temp.::: 121°C, LSR::: 45 mglmin 
The arrow on top indicates the direction of sliding 
00 
tv 
(a) (b) 
Fig. 5.8 - SEM micrographs of the subsurfaces of (a) Si-Pb brass and (b) gray cast iron 
p:::: 35.2 MPa, V == 3.72 mis, Environmental temp.:::: 121°C, LSR:::: 45 mg/min 
The arrow on top indicates the direction of sliding 
5.9 - Typical aluminum. material transfer on 1018 disc 
10 
8 
~ (';:! 6 I\) 
c;:l..; 
, 
0 
E=< , 
~ 4 (';:! 
I\) 
c;:l..; 
2 
0 
0 5 10 15 20 25 30 35 
Depth, 
5.10 - An AES depth profile of virgin surface of 390-T6 AI 
83 
@ Aluminum - $- - Copper - - W' - - Carbon 
---'II} - Silicon - - 0 - - Oxygen --l!. - - Iron 
80 
........................... ·····'-1'··································· .. ··t···· u ••••••••••••••••••••••••••••••••• ] •••••••••••••••••••••••••• - ••••••••• 
! i I 
! ~ ! 
_h ••••••••• n ••••••••••••••• ••• •• i ... ·H __ ... _ .............................. i.· ... ·· ................................. ~· ................. __ ................ . 
~ j 1 
. r i : I 
. ~:~=:!:=-==t-=r=1··--
o ... .:::::.. ... :~.::.:~-=-=-=-:-=-.. r.::-=-=-=::o- =-. :-j -=-. ;::,,~ 
! ",! I!!! i!, e! I!! 11_ 
50 
~ 40 
§ 
130 g 20 
o 
U 
.~ 10 
.9 
-< 0 
0.0 
Depth. f.!ID 
@ Aluminum - $- - Copper - - W' - - Carbon 
---'II} - Silicon - - 0 - - Oxygen -:A - - Iron 
·········t .. wo .................. ~-.--•••• - ............. :. ••••• • ' •••••••••••••••• +~---;-;---IL -t-~-:,±-d:~J====J~~~J ~: , ,- -i-- ' ---F=t~=f~==~+=i:-l-
-...... -.-------.r------... y.------.. --r .... -....... -...... j---·------· .. -.. · .. ·-·j"·· .. · .. · ...... ······t······-·-········· 
: : : : : : 
ill t 1 1 
1.0 2.0 3.0 4.0 
Depth, !lm 
(b) 
5.0 6.0 7.0 
Fig. 5.11 - The chemical composition of the layers as a function of depth 
(a) Unscuffed region, (b) scuffed region 
p:::: 63.3 MPa, V:::: 1.4 mIs, Environmental temp. :::: 121°C LSR:::: 45 mg/min 
84 
5.3 Structure of Subsurface Failures 
In order to examine the structure of subsurface, the scuffed surfaces are sectioned 
along the direction of sliding and their subsurfaces are examined. A SEM micrograph which 
shows a typical structure of the subsurface after scuffing is shown in Fig. 5.12. The 
subsurface shows three characteristic regions (transformed layer, plastically deformed region 
and elastically deformed or undisturbed region). It is known that oxidation is a dominant 
mechanism for the formation of the transformed layer. However, recent works [68,69] 
indicate that the compaction of wear partide and mechanical alloying are also important 
mechanisms. It is seen that large silicon particles are fragmented into smaller particles in this 
layer. This is attributed to the extremely high plastic strain within this layer [57]. The 
thickness this layer is typically the range of 5-10 11m under the conditions studied. It is 
also typical to have voids and cracks nucleated within the transformed layer. 
Below the transformed layer, the plastically deformed region typically reaches a depth 
of 50-60 j.lm. Characteristics of this layer are the orientation of all the features in the direction 
of sliding and the fracture of silicon particles due to the large plastic deformation during the 
scuffing process. 
The subsurface damage after scuffing, for the aluminum alloys and Si-Pb brass, are 
also examined with SEM. The gray cast iron pin specimens cannot be examined because its 
surface is completely destroyed when scuffing occurs, as noted previously. Typical scuffed 
390-T6 and DHT3 Al alloys which show subsurface damages are given in Figs. 5.13 and 5.14, 
respectively. For 390-T6 alloy, a long crack is formed within the transformed layer and 
propagates along the direction of sliding. However, due to the relative ductility and low 
silicon content of the DHT3 alloy, both voids and cracks are formed in this material. It is 
assumed that voids are i.nitially formed and eventually coalesced to form long cracks within 
the transformed layer. For Si-Pb brass, as shown in Fig. 5.15, no subsurface voids or cracks 
are observedo However, the layer formed on the sliding surface indicates that large plastic 
deformation occurs during scuffing. Material from one location on the specimen is often 
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Fig. 5.13 - Subsurface damage of 390-T6 alloy after scuffing 
P = 63.3 MPa, V = 1.4 mIs, Environmental temp. = 121 T, LSR = 45 mg/min 
arrow on top indicates the direction of sliding 
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Fig. 5.14 - Subsurface damage of DHT3 Al alloy after scuffing 
P = 14.1 MPa, V = 2.8 mis, Environmental temp. = 121"C, LSR = 45 mg/min 
The arrow on top indicates the direction of sliding 
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Fig. 5.15 - Subsurface damage of Si-Pb brass after scuffing 
P = 42.2 MPa, V = 2.8 mis, Environmental temp. = 121"c, LSR = 45 mg/min 
The arrow on top indicates the direction of sliding 
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CHAPTER 6 
EVALUATION OF THE EXISTING HYPOTHESES FOR SCUFFING 
Several scuffing hypotheses have been proposed in the literature over the past sixty 
years. However, none of the existing hypotheses and criteria for scuffing can explain 
adequately all the experimental results and observations. Also, most of the proposed criteria 
are condition criteria in that they specify critical conditions (loads, sliding speeds, and 
temperature, etc.) beyond which scuffing will occur. 
The hypotheses for scuffing can be subdivided into three major groups. The first is 
mainly based on the assumption that scuffing occurs if some critical thermal conditions are 
reached at the sliding contact surfaces. The second is based on the breakdown of the main 
elastohydrodynamic lubrication films in sliding contacts. The third group of hypotheses is 
based on bulk material failtire. These hypotheses as~ume that if a critical condition on or 
under the surface of the contacting bodies is .reached, surface films or bulk material failures 
occur, which consequently leads to scuffing. Based on experimental observations obtained 
both in the literature and the present study, some of the more important of these hypotheses 
are evaluated below. 
6.1 Hypotheses Based on Critical Thermal Conditions 
6.1.1 Critical Surface Temperature Hypothesis 
In 1937, Blok proposed that scuffing occurs when a critical surface temperature is 
reached. Blok's hypothesis for scuffing is still the most widely used. As indicated in 
Chapter 1, this hypothesis suggests that a system will scuff if the surface temperature (Ts) 
exceeds a certain critical value (Tc). In a simplified form, this hypothesis is given by: 
(6.1) 
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where To is the environmental temperature, (Ct.uAoPV) is the temperature rise due to 
frictional heating and Tfis the flash temperature. In the expression for the frictional heating, 
Jl is the coefficient of friction, Ao is the apparent area of contact, and Ct is a constant 
characterizing the thermal dissipation properties of the system. The flash temperature is 
difficult to measure since it is of very short duration and decays rapidly, both with time 
after the surface has left the contact and with depth below the surface. Therefore, in most 
cases, the flash temperature must be estimated. It is often calculated based on the 
analytical works of Blok [19] and Jaeger [70] for stationary and moving heat sources over a 
semi-infinite half-space. Their analyses relates the flash temperature to the friction 
coefficient, the load, the surface velocities, and the thermal properties of the bodies in 
contact. 
This hypothesis can easily explain the effects of the environmental temperature on 
scuffing, which has been experimentally observed in many studies, including those under dry 
sliding conditions [57]. However, the surface temperature at scuffing is also affected by the 
size of the specimen and the test environment [57]. Many researchers have also found that 
the surface temperature reached just before scuffing is, in fact, not constant but varies with 
lubricant, materials and other factors [15, 44, 71-73]. The other limitation of this 
hypothesis is that failure is not related to the temperature effects on the materials properties 
in the conjunction. The data presented in this thesis also show some deviations from the 
constant surface temperature condition at scuffing, as shown in Table 6.1. In this Table, the 
flash temperatures are based on the model developed by He [74]. A detail description of 
this model and flash temperature calculations are given in the following chapter. Since the 
flash temperature increases as the sliding velocity increases, the variation in the calculated 
surface temperatures at scuffing becomes larger than the measured variations in bulk 
temperature. In fact, a constant critical bulk temperature criterion seems to be a better fit 
for the data given in Table 6.1. 
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T bl 61 T . I £ a e . - .yplca sur ace temperatures at sc uffin f al ummum kg or all t ted oys es 
Material P V PV tT b Tf (J1=0.30) Ts 
(MPa) (m/s) (MPaem/s) CC) CC) CC) 
112.5 0.93 104.6 147 81.2 228.2 
63.3 1.40 88.6 142 106.8 248.8 
390-T6 Al 42.2 1.86 78.5 150 123.0 273.0 
21.1 2.79 58.9 145 142.9 287.9 
14.1 4.65 65.6 150 181.6 331.6 
112.5 0.47 52.8 120 43.3 163.3 
56.2 0.93 52.3 130 72.1 202.1 
DHT3 Al 35.2 1.40 49.3 131 95.7 226.7 
14.1 2.79 39.3 126 129.4 255.4 
10.5 4.65 48.8 130 152.8 282.8 
t Experimentally measured; Tb = To + CtJlPV 
6.1.2 Critical Frictional Power Intensity Hypothesis 
The critical frictional power intensity hypothesis, initially suggested by Matveevsky 
[22], is an alternative hypothesis relating scuffing to some critical thermal condition. The 
frictional power intensity is defined as the ratio of the generated frictional power to the 
nominal contact area. It is equal to the product of coefficient of friction, nominal contact 
pressure and sliding velocity. The frictional power intensity hypothesis gives the heat flux 
generated at the sliding contact. Scuffing failure occurs when this heat flux reaches a critical 
value. This hypothesis is based on the experimental observation that scuffing often occurs 
along the curves described by PV = constant relationship, where P and V are the contact 
pressure and the sliding velocity, respectively. Many experimental works have been 
conducted to validate this hypothesis [24, 44-45, 71]. Even though the results are 
controversial, some experimental data show that, for given material/lubricant combinations, 
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the frictional power intensity at scuffing is approximately constant over a certain velocity 
range [24,71]. As shown in Fig. 6.1, for all materials tested, the experimental data obtained 
from this study also show that the frictional power intensities at scuffing are approximately 
constant for the velocity range studied. However, for given materials, the critical frictional 
power intensity at scuffing is affected by the contact geometry, the test environment and 
lubricant supply rate. In reference [57], it was found that, for given sliding velocities, the 
scuffing PV's under dry sliding conditions increase as the size of the specimens decreases. 
Since ~ is approximately the same for both geometries, the frictional power intensities at 
scuffing for smaller diameter pin specimens are higher than those of larger pin specimens. 
Also, the scuffing PV under a R134a environment deviates significantly from PV = constant 
behavior which is obtained in an air environment [57]. This indicates that the critical 
frictional power intensities can be affected by the test environment. 
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The experimental results from this study (Fig. 4.2) show that the critical frictional 
power intensity also depends on the lubricant supply rate as shown in Fig. 6.2. As with the 
critical temperature criterion, this hypothesis does not relate the scuffing process to material 
failure. In addition, it does not consider the heat dissipating characteristics of the system. 
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6.1.3 Thermoelastic Instability Hypothesis 
The thermoelastic instability hypothesis also relates scuffing to a critical temperature 
condition reached at the surface. The suggested mechanism responsible for scuffing is 
asperity expansion. As one asperity on one surface collides with other asperities on the 
counterface, the asperity heats up and expands. It then stands above its previous height, 
causing more thermal expansion. This sequence of events is indirectly verified in 
experiments where metal pins slide against glass. Hot spots are observed within the contact 
region. If an expanded asperity does not wear away, it may adhere to another, initiating 
scuffing. Based on this concept, Johnson, Dow, and Zhang [75] presented an analysis of 
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thermoelastic instability in a simple sliding contact as an explanation for scuffing failure. 
For a sliding contact of crowned cylinders, their analysis yielded a predictive theoretical 
scuff boundary based on system parameters and materials having the same bulk properties 
as follows: 
(6.2) 
where W is the transition load above which scuffing will occur, A and B describe the 
curvatures of the cylinders in the point of contact, E and V are Young's modulus and 
Poisson's ratio, respectively, mt and nt are coefficients characterizing the change of shape of 
the contact due to thermal loading, K is the thermal conductivity of the material, J.1 is the 
coefficient of friction, V is the sliding velocity, m is a constant which relates the load to the 
size of a Hertzian contact and a is the coefficient of thermal expansion. 
This model predicts that scuffing depends on contact load, sliding velocity, 
coefficient of friction, geometrical parameters, and thermal and material properties of the 
contacting surfaces. However, it should be noted that, for a similar contact geometry, load, 
sliding velocity and coefficient of friction, this model predicts the same scuffing load for all 
aluminum alloys, irrespective of their composition, because they have approximately the 
same elastic and thermal properties. This clearly contradicts the experimental data 
obtained from both the scuffing study under dry sliding conditions [57] and the present 
study. Furthermore, the above model is based on the Hertzian contact, therefore, the 
applicability of the model for area contacts needs to be examined. 
6.2 Hypothesis Based on Failure of Lubricant and Surface Films 
The hypothesis based on failure of lubricant films was first proposed by Dyson [24]. 
Based on this hypothesis, scuffing was explained as a collapse of the hydrodynamic and 
elastohydrodynamic lubricant films which, under normal operating conditions, separate the 
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sliding surfaces completely. If films collapse, some asperities come into contact with 
asperities from the counterface which results in high local pressures and temperatures. 
These high local temperatures may lead to local reduction of the viscosity of the lubricant, 
more contacts, and further increase in temperature. Therefore, attention was drawn to the 
comparison of lubricant film thickness with the average height of asperities. In this 
hypothesis, the condition for scuffing is usually related to the A ratio, which is defined as: 
h A=-
(J 
(6.3) 
where h is the fluid film thickness based on smooth surfaces and (J is the composite rms 
surface roughness of sliding surfaces 1 and 2, defined as: 
(6.4) 
Based on this hypothesis, if the fluid film thickness can be maintained to a 
dimension greater than that of the asperity heights on the sliding surfaces, there should be 
no scuffing. There is some validity to the A criterion, but this hypothesis has a serious 
limitation because the collapse of lubricant films does not always lead to scuffing. In 
practical machinery there are many examples of surfaces that survive values of A as low as 
0.3 [76]. Obviously, lubricant films are the first line of defense against scuffing, however, if 
contact conditions are severe enough, these films cease to be effective and the protection of 
the surfaces may rely on films formed by physical or chemical reaction between the surface 
and the lubricant, or a chemical reaction between the surface and the environment. The 
failure of lubricant films represents only a necessary condition for scuffing. Lee and 
Ludema [76] also noted that surface failure could not be predicted by using the A ratio 
except when chemically inert lubricants are used. They found that the protective layers on 
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sliding surfaces, which are formed by chemical reaction with the lubricant, reduced the 
surface roughening and increased the scuffing load. 
Another difficulty of this approach is that, under isothermal conditions, the equation 
of elastohydrodynamics for elliptical contacts predicts that the lubricant film thickness 
increases with the sliding velocity as follows [76]: 
hmin = 3.63( V1]o )O.68(aE')O.49(~)-O·073(1_ e-O·68k ) 
R' E'R' E'R,2 (6.5) 
where 
hmm: minimum film thickness 
V: VI + V2 .. urfa I· 2 ' entrammg s ce ve OClty 
VI' V2 : velocities of surfaces 1 and 2 
1]0: viscosity of the lubricant at atmospheric pressure 
E': 2[t -E;"'" 2 + 1_:2 r1, combined Young's modulus for surfaces 1 and 2 
R' : (.!. + J..J-1 , equivalent radius of curvature for surfaces 1 and 2 
Rl R2 
a: pressure-viscosity coefficient 
VV: normal load 
k: ellipticity parameter 
Therefore, for the given load, the tendency of scuffing should be lower at higher 
velocities. However, the experimental data of the IRG studies show that scuffing resistance 
decreases as sliding speed increases. Hence, the effect of decreasing film thickness due to 
the higher temperature must dominate the effect of increasing film thickness due to the 
higher velocity. The same trend was also observed from the experimental data obtained in 
this study, both with shoe-on-disc and pin-on-disc geometries. It should also be noted that 
the A criterion does not consider material properties. Ludema [58] indicated that the 
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critical value of A is different for every type of surface topography, substrate 
microstructure, lubricant, and break-in process. Furthermore, these four variables are 
interdependent. The conclusion is that this hypothesis provides some correlation with the 
experimental data in some cases, but scuffing predictions cannot be based on the A values. 
An extensive amount of research [7-8, 20-21] has been conducted in the area of 
adsorption to explain the critical conditions for scuffing. Frewing [78] initially suggested 
that desorption of the surface-active material from the metal is responsible for the friction 
transition. This idea was extended by Askwith, Crouch and Cameron [20] who analyzed 
their data using Langmuir's adsorption theory. They suggested that the critical temperature 
of 150·C obtained with a mineral oil was due to desorption of the surface-active 
compounds in the oil. This has led to the formulation of the desorption hypothesis [7] for 
scuffing. The major assumption of this hypothesis is that scuffing occurs when the layer of 
polar molecules adsorbed on the surfaces becomes critically depleted or disoriented. Lee 
and Cheng [8] further developed this hypothesis and proposed a theoretical temperature-
pressure theory for scuffing using the following adsorption/desorption formula [21]: 
8= F (6.6) 
F KbT 2trm.KbT ( -All) + exp--
h h2 KbT 
where 
F: p 
.J21lmaKbT 
p: bulk lubricant pressure 
ma: mass of the adsorbate 
Kb: Baltzmann's constant 
1lH: heat of adsorption 
h: Plank's constant 
8: fractional adsorbate coverage 
T: surface temperature 
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The critical temperature-pressure theory is based on the thermal 
adsorption/ desorption behavior of the protective lubricant film interposed between the 
interacting surfaces. This theory predicts the breakdown point of the lubricant surface film 
as a function of the hydrodynamically-generated pressure and the frictionally-generated 
contact temperature. When the temperature is increased, the thermal excitation of adsorbed 
lubricant molecules becomes greater, increasing their possibility of escape from the surface. 
In contrast, increasing the pressure keeps the adsorbates from leaving the surfaces by the 
"caging effect". Therefore, the concentration of the adsorbed surface film is determined by a 
competition between the pressure and temperature. Spikes and Cameron [7] in 1974 found 
that a friction transition occurs when the fractional adsorbate coverage (8) is about 0.5. 
Based on this critical adsorbate concentration, Lee and Cheng [8] obtained a theoretical 
critical temperature-pressure curve for a PAD (Poly a olefin) oil as shown in Fig. 6.3. 
Safe Region 
of Operation 
Theoretical Critical Temperature 
Pressure Curve 
Unsafe Region 
of Operation 
Surface Temperature 
Fig 6.3 - Schematic form of the theoretical critical pressure-temperature curve at 50 percent 
adsorbate concentration. Ref. [8] 
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Based on this theory, if any sliding system operates above the critical temperature 
pressure curve it is safe from scuffing failure while operating below the curve will result in 
scuffing failure. There seems to be a correlation between experimental scuffing data and this 
critical temperature and pressure theory [21]. However, this hypothesis has difficulties 
explaining the effect of materials which is of primary importance for the scuffing process. In 
this hypothesis, the heat of adsorption for a particular lubricant-metal system is one of the 
controlling factors in characterizing scuffing failure. However, our scuffing data (Fig. 4.4) 
show that the scuffing pressure of 390-T6 aluminum alloy is higher than that of DHT3 
aluminum alloy. The heat of adsorption for these materials with a P AG lubricant should 
not be significantly different. In addition, Lee and Ludema [76] argued that the desorption 
process for surface films formed by chemical reactions is reaction-rate related and therefore 
time dependent. Hence, the dynamics of their formation and destruction cannot be 
described by a simple static equation. As stated before, the critical temperature-pressure 
theory indicates that, as the surface temperature increases, the adsorbate concentration on 
the surfaces decreases resulting in scuffing failure. However, during sliding, it is also known 
that oxide films are formed and they can further protect sliding surfaces from scuffing after 
desorption of the adsorbed films occurs. Therefore, a complete modeling of scuffing would 
also require the characterization of oxides formed on the surfaces. Ludema also noted that 
if scuff initiation takes place on a microscopic scale, then all microscopic entities must be 
thoroughly characterized, including oxides. For these reasons, some hypotheses related to 
the breakdown of the oxide films were proposed and are discussed in detail below. 
A model for predicting scuffing failure based on the competitive kinetics of oxide 
formation and removal was developed by Cutiongco and Chung [9]. This hypothesis 
assumes that the oxide removal rate will be greater than the oxide formation rate at a 
certain critical temperature, leading to eventual metal-to-metal contact, and hence, scuffing 
failure. This seems to be another hypothesis which relates scuffing to surface temperature. 
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However, this hypothesis can provide an explanation for the physical nature of the critical 
temperature condition. 
In this hypothesis, the rates of oxide formation and removal are expressed as 
Arrhenius-type relations: 
(6.7) 
and 
(6.8) 
where Rf and Rr are the rates of oxide formation and removal respectively, v f and vr are 
the corresponding pre-exponential factors, Ef and Er are the activation energies, R is the 
gas constant and T is the absolute temperature. The critical scuffing condition is expressed 
as: 
(6.9) 
This model was applied to scuffing data with some success by Shen et aI. [79]. 
However, in this hypothesis, data for the rate of oxide growth are taken from static 
oxidation tests at temperatures in the range of 140-250·C. The rates of oxides removal are 
obtained from wear tests in vacuum. It has been experimentally proven [69] that static 
oxidation rates cannot be used to predict the thickness of the oxide layer in a sliding 
contact. From scuffing study under dry sliding condition [57], the thickness of transformed 
layers observed are orders of magnitude thicker than layers found using static oxidation 
rates. As was indicated in Chapter 5, there are other mechanisms involved in the formation 
of a transformed (oxide) layer. 
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Since it is generally accepted that scuffing will occur if the rate of removal of the 
protective surface layers exceeds the rate of their formation, the concept behind this 
hypothesis still remains valid. However, more experimental and theoretical work on the 
dynamics of the protective layer formation and destruction are necessary. 
6.3 Hypotheses Based on Material Failure 
6.3.1 Critical Plastic Deformation Hypotheses 
The major problem with the above hypotheses is that the effect of the mechanical 
properties of the contacting surfaces is not taken into account. A large amount of surface 
and subsurface plastic deformation is often present at scuffing. Therefore, the plasticity 
index, originally proposed by Greenwood and Williamson [12], has been proposed as a 
possible indicator of scuffing. The plasticity index is a measure of the amount of surface 
plastic deformation due to the contact between the asperities. It was postulated that 
scuffing will occur at some critical value of surface plastic deformation, which would lead to 
the destruction of the protective surface layers. The plasticity index is defined as: 
lJI = (E' / H)~ 0/ f3 , then 
if 
if 
lJI < 0.6 
lJI> 1 
elastic contact, and 
plastic contact 
where E' is the equivalent elastic modulus, H is the hardness of the softer material, f3 is 
the average asperity tip radius, and (J is the composite surface roughness of the two bodies 
in contact. Even though this hypothesis was experimentally verified in the work of Hirst 
and Hollander [13], the experimental results of Park and Ludema [28] showed that the 
plasticity index for predicting scuffing is not a useful indicator. They repeated the tests of 
Hirst and Hollander and investigated the validity of the plasticity index for a large range of 
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surface roughness, test conditions and material properties. They found that the plasticity 
index hypothesis deviate significantly from the experiments. 
In another hypothesis proposed by Xue and Ludema [29], scuffing is based on a 
critical amount of accumulated plastic strain in the sliding track. The proposed criterion is 
formulated as: 
(6.10) 
where ec is the critical strain, eo is the ductility of the material in terms of reduction in area 
at fracture, and 'ri / H is the ratio of the strength of the surface films to the bulk hardness of 
the material. In this hypothesis, scuffing failure is related to the damage in the surface 
caused by extensive plastic deformation. However, there are no experimental data for the 
plastic deformation in the original paper, therefore, the validity of this concept has not been 
proven. 
6.3.2 Subsurface Fatigue Hypothesis 
Although subsurface fatigue is widely recognized as one of the major wear 
mechanisms, the possibility that the same process could be responsible for scuffing has not 
been investigated in much details. Kim and Ludema [30] made the first attempt to relate 
scuffing to bulk low cycle fatigue. They found a good correlation between scuffing of 
steel! steel contacts under lubricated conditions and low cycle fatigue. However, this idea 
has not been developed to the point where the mechanism of scuffing can be explained. 
Recently, Sheiretov [57] proposed a subsurface fatigue hypothesis for scuffing under 
dry sliding conditions. Based on this hypothesis, scuffing is due to the accumulation of 
plastic deformation and fatigue damage in the subsurface. A criterion for scuffing based on 
the proposed hypothesis is also developed. The criterion involves several functional 
relationships between the macroscopic loading parameters, the local stresses and 
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temperatures, and the local material properties. The proposed criterion can explain the 
experimentally observed phenomena such as the effect of the material, PV = constant 
relationship, temperature dependence, size and loading history effects. However, the 
proposed hypothesis is based on the experimental data obtained under dry sliding 
conditions. In the present study, no subsurface damage is observed in the specimens until 
scuffing occurs (Figs. 5.7(a) and 5.8). Also, the results obtained for loading history effects 
presented in Figs. 4.12 and 4.15 of Chapter 4, suggest that a gradual accumulation of 
damage is not responsible for scuffing under starved lubrication conditions. Therefore, for 
the starved lubrication conditions considered in this work, this hypothesis does not seem to 
be directly applicable. 
6.3.3 Critical Subsurface Shear Stress Hypothesis 
The critical subsurface stress hypothesis was proposed by Somi Reddy et al. [17] to 
describe the large-scale subsurface failure of aluminum-silicon alloys, which was observed at 
scuffing under dry sliding conditions. Based on this hypothesis, ductile rupture of the 
subsurface is the mechanism responsible for scuffing. This hypothesis states that scuffing 
occurs when the shear stress (-r) at a critical depth under the surface exceed the 
temperature-dependent shear strength of the bulk material (Sm) at this depth. The critical 
condition for scuffing is simply described as: 
(6.11) 
The subsurface failure mechanism for scuffing is supported by the experimental 
observations in their previous paper [31]. This hypothesis is also supported by the fact 
that the stronger aluminum alloys scuffed at higher PV's. The temperature effects can also 
be easily incorporated in the hypothesis through the dependence of the shear strength on 
temperature. However, Sheiretov [57] has shown that this criterion for subsurface failure is 
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not satisfied for the conditions that he studied. He compared the shear strength of 390-T6 
AI at the measured bulk temperature to the calculated subsurface equivalent shear stresses 
at the critical depths and found that the shear stresses at those depths are not high enough 
to cause the predicted bulk shear failure. Also, this hypothesis needs to be verified for 
lubricated contacts. 
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CHAPTER 7 
PROPOSED SCUFFING HYPOTHESIS UNDER STARVED LUBRICATION 
CONDITIONS 
As shown in the previous chapter, the scuffing hypotheses in the literature are based 
on very different physical processes which make their generalization to a single theory of 
scuffing very difficult. The only common feature of these hypotheses seems to be the 
destruction of protective films, although each hypothesis deals with films of very different 
physical and chemical nature. In general, it seems that the key to understanding scuffing is 
the dynamics of protective films formation and destruction. In most lubricated contacts, 
films of various nature may be present at the sliding interface, building several lines of 
defense against scuffing, as shown in Fig. 7.1. 
Direction of Sliding 
Fig. 7.1 - Schematic of various surface protective films in a lubricated contact 
The bulk lubricant film protects the surfaces by limiting asperity interactions and 
distributing the load more evenly over the whole contact area. In general, the adsorbed films 
have low shear strength characteristics so that they can reduce the local temperature rise. 
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The oxide films also have low shear strength characteristics and they protect surfaces from 
adhesions by preventing exposure of the bare metal. All the lines of defense must be 
removed for scuffing to occur. This view can be expressed in terms of necessary and 
sufficient conditions for scuffing, as suggested by Lee and Cheng [21]. The failure of 
lubricant and adsorbed films represent only necessary conditions for scuffing. In the present 
study, it is suggested that the sufficient condition for scuffing is given by the destruction of 
the oxide films due to plastic deformation of asperities. The strength of the material is a 
important parameter characterizing the scuffing process since it makes the surface more 
resistant to plastic deformation. The mechanism of failure of the surface and/or subsurface 
material is one of the least studied and understood aspects of scuffing. Therefore, the 
present study concentrates on these aspects of the process. A hypothesis and its 
corresponding criterion for scuffing are proposed based on the experimental results obtained 
in this study. 
7.1 Description of the Proposed Scuffing Hypothesis 
In this study, only scuffing under starved lubrication conditions is considered. 
However, it is believed that the scuffing process and failure mechanism of the material are 
the same for fully lubricated contacts. In the proposed hypotheSis, it is assumed that all the 
protective surface films must be removed for scuffing to occur. It was shown in Fig. 5.9 that 
macroscopic adhesions are formed at the sliding interface, resulting in the formation of cold 
welds. Also, based on a progression study of the scuffing process in Chapter 5 (Figs. 5.6 
and 5.7), initiation of scuffing failure seems to be caused by plastic shearing. Based on 
these assumption and findings, it is proposed in this study that the formation of 
macroscopic adhesions leading to plastic shearing of the bulk material is responsible for 
scuffing. This concept was first addressed in a study by Somi Reddy et aI. [17]. As 
previously described, they proposed that scuffing under dry sliding conditions occurs if the 
shear stress at a critical depth under the surface exceeds the temperature-dependent shear 
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strength of the bulk material at this depth. However, they did not develop this idea any 
further for lubricated contacts and did not provide a detail description of the scuffing 
process. 
In the present study, it is hypothesized that, when scuffing occurs, the local surface 
tangential traction at the sliding interface is higher than the bulk strength of the softer 
material. The softer material is then sheared and transferred to the harder counterface, as 
shown in Fig. 5.9. During the sliding process, the surface is initially protected by various 
surface protective films formed at the tips of asperities. These films prevent large-scale 
adhesion between the sliding surfaces. However, at certain critical conditions, these films 
can be locally removed mainly due to high local pressures and temperatures, exposing bare 
metals which can cause local microscopic adhesions. The bulk material failure due to 
plastic shearing, caused by the formation of extensive adhesions at the sliding interface, is 
considered as the final stage of the scuffing process. A detail description of probable 
mechanisms of the scuffing process is given below. A generalized view of events leading to 
scuffing is schematically illustrated in Fig. 7.2. 
(1) Local breakdown of the lubricant and adsorbed films. 
In mixed or boundary lubrication conditions, due to local high pressures and 
temperatures, lubricant breakdown can occur as the result of asperity interactions. The 
surfaces can still be continuously protected by chemically or physically-formed adsorbed 
films. However, if the local temperature is high enough, the thermal excitation of adsorbates 
increases resulting in a higher probability of their detachment from the surface, as proposed 
in the adsorption theory [7]. This condition is schematically shown in Fig. 7.2(a). As 
indicated previously, the breakdown of these films is only the necessary condition for the 
occurrence of scuffing. 
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(2) Breakdown of the protective oxide films due to plastic deformation of asperities. 
After breakdown of the lubricant and adsorbed films, the oxide films can still 
protect the surface from scuffing. If the contacts are under relatively light load at a given 
speed, the oxide films are generally not destroyed, and relatively weak adhesion between 
these oxides occurs. This is the condition where the oxidative wear is dominant. However, 
if the load is increased, the elastic limit of the softer material can be reached locally, 
resulting in plastic deformation of asperities under the oxide. This plastic deformation 
destabilizes the protective oxide films formed on top of the asperities, and eventually 
causes shearing or chipping-off of these films as shown in Fig. 7.2(b). 
(3) Local exposure of the bare metal and formation of microscopic cold welds. 
The removal of the local surface protective films expose the bare metal. The contact 
of this bare metal with the counterface will result in the formation of microscopic adhesions. 
It is known that, for aluminum/steel contacts, when the nascent aluminum makes contact 
with the steel, whether it is the steel itself or the oxide present on the steel surface, the 
adhesion is extremely strong because aluminum bare metal is very reactive and bonds very 
strongly to the oxygen of the iron oxide or to the elemental iron itself [80]. If, due to 
microscopic adhesion, the local surface tractions mainly shear off the tips of the asperities, 
mild adhesive wear occurs or sometimes also referred to as microscopic scuffing. 
(4) Formation of macroscopic adhesions leading to plastic shearing of the bulk material. 
As the load is further increased, the accumulation of microscopic cold welds 
eventually leads to the formation of macroscopic adhesions. It is generally observed that, 
when two dissimilar metals are brought into contact, the interfacial bonding between them is 
stronger than the cohesive bonds of the weaker metal. Upon application of separating 
forces to the adhered junction, failure occurs in the cohesively weaker metal, and this allows 
the cohesively weaker to be transferred to the cohesively stronger [80]. With surface 
traction, these adhesions can cause subsurface shear failures. The depth at which these 
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failures occur depends on the mechanical and thermal properties of the near surface layer. 
For the conditions studied in this research, shear failures often occurred at a depth of about 
1-2 Jlm (Fig. 5.6(a». When this happens, the surface traction at the interface will increase 
sharply. 
Direction of Sliding 
... 
(a) 
(2) Local breakdown of protective oxide fiJm 
due to deformation 
(b) Oxide 
(c) 
Fig. 7.2 - A descriptive model for the scuffing process under starved lubrication conditions 
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7.2 Proposed Criterion for Scuffing 
Based on the above hypothesis, scuffing occurs when the surface tangential traction 
(J.lp max) at the interface exceeds the temperature-dependent bulk shear strength ( 't's) of the 
material. This criterion can be expressed as: 
J.LP max ~ 't's (T) (7.1) 
where ~ is the coefficient of friction and P IIIIlX is the maximum asperity contact pressure. 
Contact between solid bodies at normal operating loads is limited to small areas of 
trUe contact between the high asperities of either surfaces. The maximum asperity contact 
pressures, therefore, are very high and can result in localized plastic deformation. Since this 
pressure increases with increased nominal contact pressure, the surface tangential traction 
increases as the nominal contact pressure increases. However, at the given speed, the near-
surface shear strength of the material decreases as the contact pressure increases since the 
surface temperature increases with the increased contact pressure. Therefore, as the contact 
pressure increases at the given speed, a critical point is reached where the surface tangential 
traction equals the near-surface shear strength of the material. This critical condition for 
scuffing is schematically illustrated in Fig. 7.3 for a step loading history. 
7.2.1 Shear Strength of the Materials 
To evaluate the proposed criterion for scuffing, the shear strength data for the 
materials tested need to be obtained at various temperatures. These data are obtained 
according to the ASTM B 565-94 procedure. Typical load-displacement curves obtained 
with this procedure are given in Figs. 7.4 and 7.5. From these data, the shear strengths of 
the materials as a function of temperature are obtained, as shown in Fig. 7.6. It should be 
noted that, except for 150 'C, the shear strengths of 390-T6 and DHT3 AI alloys are 
approximately the same even though the hardness of 390-T6 AI (72 HRB) is much higher 
than that of DHT3 Al (46 HRB). The 390-T6 and DHT3 Al alloys are fabricated by casting 
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and extrusion processes, respectively. It is believed that the lower than expected bulk shear 
strength of the 390-T6 Al alloys is due to the large amount of porosity generated during the 
casting process. It is also interesting to note that the shear strengths of gray cast iron and 
Si-Pb brass are approximately the same up to 300 ·C, and that of Si-Pb brass sharply 
decreases if the temperature is higher than 300 ·C, as shown in Fig. 7.6. 
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Fig. 7.3 - lllustration of the critical condition for scuffing at the given speed 
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Fig. 7.4 - Typical load-displacement curves for (a) 390-T6 AI and (b) DHT3 AI 
Shear displacement rate = 0.05 mm/ s 
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7.2.2 Asperity Contact Pressure 
As previously stated, when two rough surfaces are pressed together, discrete contact 
regions are produced. The total area of these contact is known as the real area of contact. 
This area is much smaller than the nominal area of contact. Therefore, the contact pressures 
at the tips of the contacting asperities are much greater than the average nominal contact 
pressure. These pressures are important parameters since they affect the local plastic 
deformation and temperature rise. To examine the proposed criterion for scuffing, these 
pressures need to be obtained. Unfortunately, these parameters cannot be measured. 
Hence, their determination is based on models for the contact of rough surfaces. 
In this study, the asperity contact pressures are estimated using the analytical model 
developed by He [74]. This model is based on a 3-D contact simulation of rough surfaces 
developed by Ren and Lee [81]. Their contact simulation assumes that the contact 
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deformation is purely elastic. The rough surface profiles of two contacting bodies are 
combined to form one equivalent rough surface (with an appropriately adjusted elastic 
modulus) in contact with a rigid plane. Ren and Lee used the following Boussinesq's 
solutions for the normal elastic displacement d of an arbitrary point on the surface with 
coordinates (x, y) due to a point force p(s, t)dsdt applied at (s, t): 
(7.2) 
where 
E': ( )
-1 I-v 2 I-v 2 2 1 + 2 , equivalent Young's modulus of bodies 1 and 2 
E1 E2 
real area of contact 
As shown in Fig. 7.7, the gap between the rigid plane and deformed surface, h is written as: 
h(x,y) = ho(x,y) + h,.(x,y) + d(x,y) (7.3) 
where ho and h,. are the original undeformed surface profile height measured from the mean 
line and the vertical distance from the rigid plane to the undeformed mean line, respectively. 
Deformed Proftle 
Fig. 7.7 - Contact between an elastic half-space and a rigid plane 
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If it is assumed that the asperities have spherical tips, then, using the following non-
dimensional parameters, 
where 
x X=-
a 
2 W PH=---
3 na2 
a =~(WR)1I3 
3 E' 
a: Hertzian contact radius 
p: contact pressure 
PH: maximum Hertzian contact pressure 
R: sphere radius 
w: applied load 
equations (7.2) and (7.3) can be written as: 
D(X,Y) =2 If P(;,A) d;dA ~ fie ~ (; - X)2 + (A _ y)2 
H(X,Y) = Ho + HrCX,Y) + D(X,Y) 
The boundary conditions are given as: 
H(X,Y) = 0, P(X,Y) > 0; when point (X,Y) in nc 
H(X,Y) > 0, P(X,Y) = 0; when point (X,Y) not in nc 
where 
D(X,Y): non-dimensional normal elastic displacement; 
P(X,Y): non-dimensional contact pressure; 
(7.4) 
(7.5) 
(7.6) 
(7.7) 
H(X,Y): non-dimensional gap between the rigid plane and deformed surface; 
Equation (7.6) is written in a discrete form with the use of biquadratic polynomial 
interpolating functions ( Cij) for relating contact pressures to deformations: 
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N {D}=[C]{p}, or Di = 'LCijPj' i=l,.··,N 
j=l 
(7.8) 
where {D} and {P} are the deformation and pressure vectors, respectively, and [C] is the 
deformation matrix which is only a function of the grid geometry. Since neither the contact 
pressures nor the deformations are initially known, iterations are needed to modify the 
pressure distribution based on the assumed deformed surface profile. These processes are 
continued until all the boundary conditions are satisfied. A more detail description of this 
method is given in [81]. 
Based on Ren and Lee's contact simulation, He [74] obtained maximum asperity 
contact pressures (P max) for AI-Si alloy/steel contacts. These pressures are based on 
asperities of the same heights using the following sinusoidal surface profiles: 
Longitudinal roughness profile: 
Transverse roughness profile: 
Isotropic roughness profile: 
z(X,y) = Rsin(2try/A) 
z(x,y) = RSin(21Cx/A) 
z(x,y) = RSin(21Cx/A )sin(2try/A) 
A constant wave length of 0.17 mm was used in the simulations since typical wave 
length of actual surface profiles for his test specimens just before scuffing was 
approximately 0.17 mm. Different asperity heights were used to generate various surface 
roughness values. A large number of maximum asperity contact pressures is generated as a 
function of nominal pressures and surface roughness values. Through a series of curve 
fittings based on these data, the following close-form expressions for P max are obtained: 
For the longitudinal and transverse roughness profiles: 
Pmax = 12.460'.o·07p (MPa) P<5MPa (7.9) 
P max = -0. 0000232 (j-l.llp2 + 5.08(j-O.llp+ 7.81ln (j+ 39.32 (MPa) (7.10) 
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5::;;P<35MPa 
5::;;P<40MPa 
5::;;P<50MPa 
for u = 0.0005 - 0.003mm 
for u = 0.003 - 0.006mm 
for u> 0.006mm 
Pmax = 92.43Inu+50.56u-o·13lnP+ 495.77 (MPa) (7.11) 
For the isotropic roughness profile: 
Pmax = 17.03P (MPa) 
P ~ 35MPa for u = 0.0005 - 0.003mm 
P~40MPa 
P~50MPa 
for u = 0.003 - 0.006mm 
for u> 0.006mm 
P<5MPa (7.12) 
Pmax = (O.0475lnu+ 0.23)P2 + 12. 39 u-o·07 P+3.22lnu+ 15.81 (MPa) (7.13) 
5<P::;;30MPa 
P max = 40. 980'-O·04 ln P + 426.57 UO.04 (MPa) 
P>30MPa 
(7.14) 
where P is the nominal contact pressure and u is the combined rms roughness of two 
surfaces. 
To estimate the asperity contact pressures at scuffing using the above equations, the 
surface roughnesses of the specimens just before scuffing are needed. However, it is very 
difficult to stop the test just prior to scuffing since scuffing occurs very fast and without 
warning. Therefore, the surface roughness values at one load step before scuffing, given in 
Table 7.1, are used. 
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T bl 71 S £ hn a e . - ur ace rougJ esses f All I I d or stee contact parrs at one oa bI scuffi step e ore ng 
Material P V PV 0'1 (J1lIl rms) 0'2 (J1lIl rms) to' 
(MPa) (m/s) (MPaem/s) Al pins Steel discs (umrms) 
105.5 0.93 98.1 0.08 0.059 0.10 
56.2 1.40 78.7 0.16 0.058 0.17 
390-T6 Al 35.2 1.86 65.5 0.18 0.055 . 0.19 
14.1 2.79 39.3 0.23 0.045 0.23 
7.03 4.65 32.7 0.25 0.035 0.25 
105.5 0.47 49.6 0.05 0.062 0.08 
42.2 0.93 39.2 0.08 0.056 0.10 
DHT3 AI 28.1 1.40 39.3 0.17 0.047 0.18 
14.1 2.79 39.3 0.24 0.028 0.24 
7.03 4.65 32.7 0.44 0.028 0.44 
t Composite surface roughness; 0' = ~ 0'12 + 0'22 
The wave lengths of the surface profiles of the aluminum alloys tested are in the 
range of 0.13 - 0.16 mm. A typical surface profile, showing the wave length of DHT3 AI at 
one load step before scuffing, is shown in Fig. 7.8. The plot also shows that the asperity 
heights are approximately constant. Therefore, the above equations can be used to estimate 
the maximum asperity contact pressures for the aluminum alloys tested. Data for Si-Pb 
brass and gray cast iron are not obtained because the models for these materials are not 
available. In this study, it is assumed that the surface roughnesses of the specimens are 
isotropic because the contact spots observed one load step before scuffing are randomly 
distributed on the sliding surfaces as shown in Fig. 7.9. Using equations (7.12)-{7.14), a 
typical asperity contact pressure, as a function of the nominal contact pressure, for a 
surface roughness of 0.2 J1lIl is shown in Fig. 7.10 Using the combined rms surface 
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roughnesses (j (Table 6) and the scuffing PV data given in Fig. 4.4, the maximum contact 
pressure for the aluminum alloys at scuffing is plotted in Fig. 7.11. 
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Fig. 7.8 - Typical wave length of DHT3 Al surface profile at one load step before scuffing 
P = 42.2 MPa, V = 0.93 mls 
Fig. 7.9 - Typical surface of 390-T6 Al pin at one load step below scuffing 
P = 42.2 MPa, V = 1.86 ml s 
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7.2.3 Asperity Contact Temperature 
As previously stated, the surface temperature consists of two components. The first 
component is the bulk temperature of the material and the second is the asperity contact 
temperature (the flash temperature). As with the asperity contact pressure, the asperity 
contact temperature is a very important parameter to characterize the interfacial conditions 
at the sliding surfaces. As indicated previously, since the real area of contact between 
opposing asperities is always considerably smaller than the apparent area of contact, the 
frictional energy and resulting heat at these contacts become highly concentrated with a 
correspondingly large temperature rise. This temperature rise, however, is very difficult to 
obtain experimentally. Hence, estimates for the asperity contact temperature also have to 
rely on thermal models. 
The most popular of the thermal models is that of Blok's [19], which has been further 
developed by the theoretical work of Jaeger [70]. The model is based on the analytical 
solution for a point heat source acting on an infinite half-space. Results for circular and 
square stationary and moving heat sources have been derived. This model works very well 
for concentrated contacts. The reason is that the actual distribution of the real contact 
spots within the Hertzian contact area does not have a significant influence on the thermal 
resistance of the whole contact [82]. Thus, it can be assumed that the whole Hertzian 
contact area contributes to the conduction of heat, which avoids the solution of the problem 
for the actual distribution of the contact spots. However, these approximations do not give 
good results for area contacts. 
Recently, Qiu and Cheng [83] developed a numerical simulation of the temperature 
rise between a three-dimensional rough surface against a smooth surface in a lubricated 
contact .. As shown in Fig. 7.12, the contact area is considered to be fixed in the coordinate 
system and two half-space surfaces move across the contact along the x-axis with velocities 
VI and V2, respectively. 
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Fig. 7.12 - Schematic of sliding surfaces and contact area for temperature calculation 
The equations which govern the surface temperature of the two moving surfaces, as 
functions of position and time, are derived as follows. If there is no heat loss from the 
surfaces, the temperature increment at a point P (x,y) on either of the two surfaces at any 
time due to an instantaneous heat source of strength q (x',y',O,t')dx'dy'dt' at x', y', and t' 
was calculated by the following equation given by Carslaw and Jaeger [84]: 
dT - q(x',y',O,t')dx'dy'dt' [_ (x-x,)2 +(y_y,)2] 
- 3/2 exp (') 4pc[ na(t - t')] 4a t - t 
(7.15) 
where p is the density of solids, c is their specific heat, and a is the thermal diffusivity of 
solids. 
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Using the following non-dimensional parameters: 
where 
_ x 
x=-
lx 
1 2 U=..L.. 
R 
1CE' u P =--
m 2l 
x 
_ 4a 
t=-t 1 2 
x 
lx : half contact length along moving direction x 
Pm: reference pressure 
Vs: VI - V2 , sliding speed 
R: (~+ _1_)-1, equivalent radius 
R1 R2 
J.1: coefficient of friction 
u: ~ U12 + U22 I composite surface roughness 
Equation (7.15) can be written as: 
p=..L 
Pm 
dT=fi(X',y',O,t')dX'tJy'd1' ex [ (x-xlf +(y_yl)2] 
(1 - 1,)312 P (1 - 1') 
V. = Vjlx 
I 4a 
_ 1C3/ 2pc 
T = T (7.16) 
2Pm 
(7.17) 
The total heat generated at the interface is partitioned according to a partition factor 
f (x,y/t), which represents the fraction of heat flux conducted into surface 1. The 
temperature rise formulations for the surfaces acted on by a single heat source at time t' are 
then given as follows: 
Temperature rise on surface 1 is: 
dT = /(X', -I,t') fi(X',y',O,t')dX'tJy'dt' ex {_ [(x - x') - ~(~ - ~/)]2 + (y - yl)2} (7.18) 
1 Y (11 - t'f/2 P (t1 - t') 
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Temperature rise on surface 2 is: 
dT = [1-/(-' -, i')] q(x',y',O,t')tlX'dy'di' {_ [(x -x')- V2(i2 _1,)]2 +(y - y')2} 
2 x,y, (12_i,)312 exp (12-i') (7.19) 
The surface temperature rise produced by all the frictional heat sources is calculated 
by integrating the above differential temperatures over the contact heat source area from 
time I' = 0 to time I' = I. The surface temperature rise in the fixed coordinate system at 
time lover the contact area is expressed as follows: 
f 
AT! (x,y,i) = I II dT,. (x',y',i') (7.20) 
one 
(7.21) 
As with the maximum asperity pressure calculations, He [74] used the same 
sinusoidal surface profiles for asperity contact temperature estimations. Based on this 
numerical simulation, the maximum asperity temperature data for Al-Si alloys with various 
combinations of the nominal pressure, sliding velocity and surface roughness values were 
obtained. The following close-form expressions for the maximum asperity temperature, 
T~ax' are obtained: 
For 339 Al-Si alloy: 
(1) Longitudinal roughness: 
T~ax = J.L(10.06( 177. 2VO.93 ln P - 258. 7yO·93) (7.22) 
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(2) Transverse roughness: 
T~ax = j.U,O·06(187.1VO.62 InP- 273.2VO.62 ) (7.23) 
(3) Isotropic roughness: 
T~ax = j..lU°.19 (224.1 yO.92 lnP -143. 6VO.92 ) (7.24) 
For 390-T6 Al-Si alloy: 
(1) Longitudinal roughness: 
T~ax = j..lUO.058(175.5yO·91Inp - 256.9yO·91) (7.25) 
(2) Transverse roughness: 
T~ax = j..lUO.056 (182.2 yO.62 In P - 266.11 yO.62 ) (7.26) 
(3) Isotropic roughness: 
T~ax = j..lU°.19 (235. 8yO·88 1n P -151. 4 VO.88 ) (7.27) 
where J1 is the coefficient of friction, u is the rms combined surface roughness, V is the 
sliding velocity, and P is the nominal contact pressure. 
Equations (7.22) to (7.27) are obtained based on the nominal contact area of 
21x = 0.0065m by 21y = O.OOlm. Since the surface temperature rise depends on the nominal 
contact area, more calculations with various rectangular contact areas were conducted by 
He to obtain more general expressions for the maximum asperity temperatures. The 
modified equations for both AI alloys are given as follows: 
(1) Longitudinal roughness: 
Tmax = T~ax + (21.541n V + 47.01)ln( 21x )+(6.20ln V + 16.66)ln(~) (7.28) 
0.0065 0.001 
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(2) Transverse roughness: 
Tmax =T~ax + (40.45lnV+ 54.60)ln( 2lx )+(1.18InV+13.81)ln(~) 
0.0065 0.001 
(7.29) 
(3) Isotropic roughness: 
Tmax =T~ax+(37.75InV+54.16)ln( 2lx )+(15.50lnV+25.69)ln(~) 
0.0065 0.001 
(7.30) 
T~ax in equations (7.28) to (7.30) is based on the 2lx = 0.0065m and 2ly = O.OOlm. 
The second and third parts are due to the increase or decrease of contact nominal size along 
the x and y-direction, respectively. 
Since 0.00635 m diameter pins are used in the present study, the asperity contact 
temperatures are estimated based on 2lx = 2ly = 0.00563m, giving the same nominal contact 
area as the pins. Using Eq. (7.30) with 2lx = 2ly = 0.00563m, the asperity flash 
temperatures of the aluminum alloys at scuffing are estimated using three different friction 
coefficients as shown in Fig. 7.13. The range of 0.2 to 0.3 is considered since this is the 
typical range of coefficient of friction obtained when scuffing occurs. It is assumed that the 
local friction coefficient range, when scuffing is initiated, is approximately the same. It 
should be noted that the temperature data for DHT3 Al are based on the equations 
obtained for 339 AI. This approximation should be valid since their hardness values are 
approximately the same. The surface temperature data for the aluminum alloys are 
summarized in Table 7.2. These data show that the surface temperature is not constant at 
scuffing. 
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a e . - ur ace temperature T bl 72 S £ d ata at s mg or a ummum a oys es cuff f I 11 t ted 
Material P V PV tT (Jl=0.2) s T (Jl=0.25) s T (Jl=0.30) s 
(MPa) (m/s) (MPaem/s) CC) CC) ("C) 
112.5 0.93 104.6 213.4 221.3 228.2 
63.3 1.40 88.6 228.5 239.2 248.8 
390-T6 Al 42.2 1.86 78.5 249.4 261.8 273.0 
21.1 2.79 58.9 260.5 274.8 287.9 
14.1 4.65 65.6 295.0 313.9 331.6 
112.5 0.47 52.8 155.7 159.5 163.3 
56.2 0.93 52.3 189.7 195.9 202.1 
DHT3 Al 35.2 1.40 49.3 209.4 218.1 226.7 
14.1 2.79 39.3 231.9 243.8 255.4 
10.5 4.65 48.8 255.0 268.9 282.8 
t Ts = Tb +Tf = Surface temperature, Tb = Bulk temperature, Tf = T max = Flash temperature 
Based on the surface temperature data given in Table 7.2, the near-surface shear 
strengths of the aluminum alloys are obtained using Fig. 7.6. The surface tangential tractions 
(JlP max) at scuffing are obtained using the asperity pressure data given in Fig. 7.11. In order 
to evaluate the proposed criterion, the ratios of the surface tangential tractions to the bulk 
shear strengths of the aluminum alloys at scuffing are plotted in Fig. 7.14. The results show 
that, for 390-T6 AI, data obtained with Jl = 0.25 match well with the proposed criterion for 
every sliding velocities used. However, the surface tractions are higher for Jl = 0.30 and 
lower for Jl = 0.20 than the bulk shear strengths. A similar trend is observed with DHT3 
alloy at lower speeds (V < 2 m/s), however, the surface tractions of DHT3 alloy are lower 
than the bulk shear strengths at higher speeds ( > 2 ml s) for every friction coefficients used. 
As shown in Fig. 7.15(b), no observable protective films are formed on the specimen tested 
at 4.65 ml s since scuffing occurs within a very short time. The machining marks are still 
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present on the surface, indicating very little smoothening of the surface. The formation rate 
of protective films may be slower at a high speed/low load condition due to less asperity 
interactions on the sliding surfaces. In addition, there is more likelihood that any films 
formed are more readily worn since any material element is subjected to more cycles. This is 
hypothesized to be the reason why the specimens at high speeds failed earlier. In contrast, 
more surface smoothening is obtained with a low speed/high load, which results in the 
formation of a relatively uniform protective surface layer as shown in Fig. 7.15(a). The 
scuffing data for gray cast iron and Si-Pb brass cannot be evaluated based on the proposed 
criterion because the models for asperity contact pressures and temperatures for these 
materials are not available. 
Considering the complexity of the scuffing process, it is not surprising that the shear 
criterion for scuffing may not be applicable over a wide range of operating conditions. As 
with other hypotheses, one of its main limitations is its independence of the dynamics of 
protective films. The mechanical and thermal properties of these films and their effects on 
the plastic deformation of the asperities are not known. An additional complexity involves 
the proper modeling of the surfaces just before scuffing so that better local estimations of 
asperity contact pressures and temperatures can be made. As shown in the results, the 
uncertainties associated with the coefficient of friction J.l and composite RMS surface 
roughness (1 just before scuffing hinders the proper evaluation of the proposed hypothesis. 
In spite of these limitations, the proposed hypothesis has some very attractive attributes. 
First, it describes the failure mechanism during the scuffing process for the materials tested. 
Secondly, it can explain the fact that stronger material scuffs at higher PV. The temperature 
effects obtained in a previous study [57] can also be easily incorporated in the hypothesis 
through the dependence of the shear strength on temperature (Fig. 7.6). 
It should be noted that the proposed hypothesis is based on the evaluation of a few 
Al alloys under starved lubrication conditions. Additional experimentation for other 
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materials and operating conditions is necessary before the hypothesis can be effectively 
applied to predict scuffing. 
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(a) 390-T6 Al, (b) DHT3 Al 
132 
(a) 
(b) 
7.15 - Surfaces of DHT3 Al pin obtained at one load step before scuffing 
(a) P = 105.5 MPa, V = 0.47 mis, Roughness = 0.05/lm Ra 
(b) P = 7.03 MPa, V = 4.65 m/ Sf Roughness = 0.44 /lm Ra 
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CHAPTERS 
CONCLUSIONS 
Scuffing under lubricated conditions is very broad and complex since it involves 
mechanical, thermal and chemical interactions between the contacting bodies, the lubricant, 
the environment, and other species found at the sliding interface. This is the major reason 
why this phenomenon is still poorly understood, even though numerous studies have been 
conducted over the past sixty years. While there is an agreement that the formation of large 
areas of bare metal leading to macroscopic adhesions is one characteristic feature of the 
scuffing process, the processes leading to this condition and the failure mechanisms of the 
material are still not clearly understood. The present study concentrates primarily on this 
aspect of the process. In this study, a more complete set of experimental data for the 
scuffing behavior of area contacts, for various material pairs, is obtained under starved 
lubrication conditions. Based on the experimental observations, a probable mechanism of 
the scuffing process and its corresponding criterion are proposed. 
S.l Research Summary 
The present research focuses on two major goals. The first is to obtain design data 
for swashplate compressors by examining the scuffing behavior of a 390 aluminum disc 
sliding against a 52100 steel shoe under starved lubrication conditions. The evaluation is 
based on a shoe-on-disc geometry which approximately simulates the swashplate/shoe 
contacts in an automotive swashplate compressor. All tests are conducted in a high 
pressure tribometer (HPT) under R134a environment with a base polyalkylene glycol (P AG) 
lubricant. The effects of degree of lubricant starvation, sliding velOcity, geometry of contact, 
surface topography, a tin coating, and socket geometry supporting the shoe are evaluated. 
Data obtained from this study will help identify conditions under which scuffing problems 
may be reduced in swashplate compressors. The second goal is to study the processes and 
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mechanisms of the scuffing phenomenon under starved lubrication conditions. This study is 
based on a pin-on-disc geometry because a pin specimen is easier to section and instrument. 
The effects of material, lubricant/refrigerant mixture, and loading history on scuffing are 
examined. The transition behavior of a 390-T6 Al pin sliding against a 1018 carburized 
steel disc is also examined. To better understand the scuffing processes and the failure 
mechanisms of material, the surfaces of the test specimens are studied with an optical 
microscope, a surface profilometer, SEM (Scanning Electron Microscope) and AES (Auger 
Electron Spectroscopy). The subsurfaces are studied by sectioning the pin specimens tested 
under scuffing and non-scuffing conditions and examining the sections with SEM and AES. 
From these examinations, a scuffing hypothesis based on shear failure is proposed. The 
results obtained from the present study are summarized below: 
Shoe/Disc Geometry 
(1) For a given environmental temperature and specified contact geometry, the scuffing 
pressure increases as the lubricant supply rate increases and decreases as the sliding 
velocity increases. 
(2) PV = constant relationship seems to characterize the scuffing behavior of 390-T6 Al 
plate/52100 steel shoe contacts. The value of this constant increases as the degree of 
lubricant starvation decreases. 
(3) Scuffing is a function of crown height and the degree of lubricant starvation. 
Crowning is detrimental when the contact is severely starved. 
(4) When the contact is severely starved, a dimple or groove is also detrimental. 
(5) For the whole velocity range tested, the scuffing pressure of 390-T6 Al discs 
increases with improved surface finish. 
(6) For the sliding velocity used, surface roughness effects are more significant as the 
lubricant supply rate increases, i.e., scuffing of the smoother specimen is affected to a 
greater degree than that of the rougher specimen. 
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(7) A skewness change from -0.34 to -1.26 for 390-T6 Al discs with the same surface 
roughness do not seem to improve their scuffing resistance. 
(8) For a given lubricant supply rate, the scuffing pressure of tin-coated 390-T6 AI discs 
is about three times higher than that of the uncoated discs. It is hypothesized that 
scuffing of tin-coated 390-T6 Al discs is caused by the removal of the coating, which 
leads to the formation of macroscopic adhesions between the exposed AI substrate 
and the steel counterface. 
(9) For the velocities and lubricant supply rates used, the effects of socket geometry 
supporting the shoe on scuffing are negligible. 
Pin/Disc Geometry 
(1) For any given lubricant supply rates and sliding velocities used, the scuffing 
resistance of 390-T6 aluminum alloy is better than that of DHT3 alloy (a bismuth-
containing aluminum alloy). 
(2) As with the results obtained with a shoe/disc geometry, for all materials tested, the 
scuffing pressure decreases as the sliding speed increases. 
(3) At any given speed, the scuffing pressure of Si-Pb brass and gray cast iron is about 
the same and the scuffing resistance of these materials is better than that of the 
aluminum alloys tested. 
(4) The scuffing pressures of 390-T6 aluminum alloy tested with both the POE 
base/R134a and the formulated PAG/R134a are higher than those of the aluminum 
alloy tested with the PAG base/R134a. 
(5) For AIl steel contact considered, scuffing is a loading-history dependent 
phenomenon. The sudden application of the load is more detrimental than stepwise 
loading. For the run-in time durations considered, the scuffing pressure increases with 
run-in time. 
(6) For 390-T6 Al alloys and for a certain range of the lubricant supply rates, two 
transitions to scuffing are observed. 
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(7) It is hypothesized that scuffing under starved lubrication conditions is due to 
macroscopic adhesions leading to plastic shearing of the bulk material. The processes 
leading to scuffing are described as follows: 
(a) Local breakdown of the lubricant and adsorbed films. 
(b) Breakdown of the protective oxide films due to plastic deformation of 
asperities. 
(c) Local exposure of the bare metal and formation of microscopic cold welds. 
(d) Formation of macroscopic adhesions leading to plastic shearing of the bulk 
material. 
8.2 Major Accomplishments of the Present Study 
Several accomplishments of this study contribute to a better understanding of the 
scuffing phenomenon. Very few scuffing studies for lubricated area contacts have been 
conducted in the past. Even fewer have been conducted under starved lubrication 
conditions. In the present study, a more complete picture of the effects of various 
parameters affecting scuffing is provided. Some of these factors are investigated for the 
first time. For the shoe-on-disc geometry, these include the effects of shoe geometries, 
surface roughness as a function of lubricant supply rates, and socket geometry supporting 
the shoe. This study also provides a better description of the scuffing processes and, more 
importantly, a possible failure mechanism of the contacting materials. Very few scuffing 
studies in the literature have addressed the mechanisms of material failure at scuffing under 
lubricated conditions. The major accomplishments of this study are discussed in more 
details below: 
(1) Reliable reproduction and identification of scuffing under starved lubrication conditions. 
The experimental data on scuffing reported in the literature are mainly based on dry 
or fully lubricated conditions. Even though many sliding components experience starved 
lubrication conditions, scuffing characteristics of these contacts, especially area contacts, 
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have not been fully examined. In this study, a test setup, which can reproduce starved 
lubrication conditions and used to identify scuffing for area contacts more reliably, has been 
developed. 
(2) Experimental results for lubricated area contacts of various materials. 
HistOrically, most scuffing studies have been conducted with counterformal contacts 
such as gear teeth, cams and followers, and ball or roller bearings. However, very limited 
scuffing data for lubricated area contacts are available in the literature. The present study 
provides a more complete set of experimental results for these contacts. Scuffing data were 
obtained with both shoe-on-disc and pin-on-disc geometries. A summary of the 
contributions of this study to the experimental database on scuffing is summarized below: 
Shoe/Disc Geometry 
(a) The degree of lubricant starvation on scuffing is examined as a function of sliding 
velocity. 
(b) The effects of various shoe geometries on scuffing is examined for the first time. 
(c) The effect of surface roughness on scuffing as a function of lubricant supply rates is 
examined for the first time. 
(d) The effect of tin coating is examined and the scuffing mechanism for the tin-coated 
Al discs is proposed. 
(e) The effect of socket geometry supporting the shoe on scuffing is examined for the first 
time. 
Pin/Disc Geometry 
(a) The scuffing behavior of the DHT3 Al is studied for the first time. 
(b) Quantitative data for the loading history effects on scuffing are obtained. 
(c) The transition behavior of 390-T6 Al as a function of the lubricant supply rate is 
examined for the first time. 
(d) The scuffed surfaces and subsurfaces of the test specimens are extensively studied 
with SEM and AES. 
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(3) Proposed hypothesis and its corresponding criterion for scuffing. 
Data obtained seem to support the hypothesis that scuffing is related to shear 
failure of the bulk material. This failure is caused by the formation of macroscopic 
adhesions at the sliding interface. Based on the hypothesis, the criterion for scuffing is given 
as: 
J1P max ~ 't"s (T) 
where J.1 is the coefficient of friction, P mtlX is the maximum asperity contact pressure and 't"s is 
the temperature-dependent bulk shear strength of the material. It is hypothesized that, 
when scuffing occurs, the local surface tangential traction (J1P max) at the sliding interface is 
higher than the bulk strength of the softer material. The softer material is then sheared and 
transferred to the harder counterface. 
As shown in Fig. 7.14, the proposed criterion does not accurately predict scuffing 
failures of the DHT3 AI over the entire velocity range. This was attributed to the following 
limitations: (a) as with other hypotheses, the proposed hypothesis is independent of the 
dynamics and properties of the protective surface films, (b) analytical models used to 
estimate asperity contact pressures and temperatures are based on simple sinusoidal 
surface profiles, and (c) accurate values of the coefficient of friction J.1 and the composite 
rms surface roughness C1 just before scuffing are difficult to obtain. 
8.3 Recommendations for Future Research 
There are many possible areas of continued research in the scuffing area. As 
previously indicated, it seems that the major missing piece of information characterizing 
scuffing under lubricated conditions is the properties of surface films and the dynamics of 
films formation and destruction. Even though these films play an important role in the 
scuffing process, the effects of these films on scuffing are poorly understood. All the 
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existing models for the formation of protective films on contact surfaces are based on static 
oxidation or other static chemical reaction rates. The effects of macroscopic parameters 
such as con~ct pressure, sliding velocity and temperature on the rates of formation of these 
films has not been studied sufficiently. Therefore, this represents the vast area of future 
research. 
The proposed shear criterion for scuffing should be more fully examined. Since the 
evaluation in this study is based on aluminum alloys tested and, furthermore, data do not 
match the criterion for the whole velocity range considered, the criterion needs to be fully 
explored for other materials and operating conditions. Also, the asperity contact pressures 
and temperatures are based on sinusoidal profiles which have asperities of the same height. 
Real surfaces obviously do not have such topography, therefore, more realistic contact 
models are necessary to consider more localized effects since scuffing initiation is a local 
rather than a global phenomenon. 
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